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ABSTRACT 


The Atacocha lead-zinc mine, 15 km northeast of Cerro de Pasco in 
Central Pert, was the object of a detailed geologic investigation in 1952 
by geologists of the Instituto Nacional de Investigacion y Fomento Mi- 
neros and the U. S. Geological Survey. The mine is about 4,000 m above 
sea level, in an area of steep topography with about 900 m of relief. 

Rocks exposed at Atacocha consist of limestone, chert breccia, quartz 
sandstone, and basalt that range from Late Triassic to Early Cretaceous 
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in age. These rocks have been intruded by dacite of probable Tertiary 
age. 
The most prominent structural features are the east limb of a large 
anticline east of the mine, and a south-plunging syncline to the west. 
The two folds are separated by a major fault zone. The rocks west of 
the fault have been dragged along it and are bent into a small cross fold, 
which seems to be the primary control for the localization of the ore. The 
main structural feature in the mine is a reverse fault on which limestone 
has been thrust over quartz sandstone. 

The Atacocha mine contains about 30 km of underground workings on 
16 levels, spaced over a vertical distance of 700 m. The workings ex- 
plore portions of a reverse fault and follow veins in limestone and sand- 
stone. Production was 600 tons of ore per day in late 1953. 

Ore occurs in veins filling tension fractures in limestone and sandstone 
near the axis of the cross fold and in irregular replacement bodies in a 
narrow limestone horizon above and close to the reverse fault. Replace- 
ment bodies are also found west of the syncline in limestone close to the 
contact between limestone and overlying chert breccia. 

The typical sulfide mineral association is galena, sphalerite, and pyrite, 
with minor chalcopyrite and jamesonite. Gangue minerals other than 
pyrite are calcite, rhodochrosite, clay minerals, and a minor amount of 
fluorite. Late veins of realgar and orpiment cut the ore minerals. Very 
little oxidation or supergene enrichment has taken place. 


INTRODUCTION 


Purpose and Scope.—During the course of a nationwide survey of Peru- 
vian lead and zinc resources, undertaken jointly by the Instituto Nacional de 
Investigacién y Fomento Mineros and U. S. Geological Survey, a few districts 
were examined in detail. The Atacocha area was one of those selected, 
both because of its present important production and because it is little known 
geologically. This report describes some of the geologic features of the 
Atacocha mine, the largest in the district: 

Location and Access——The Atacocha mine is in the Department of Pasco 
in Central Pert, 15 km northeast of the great copper-lead-zinc deposit at Cerro 
de Pasco (Fig. 1). Atacocha is near the center of a mining district extending 
about 10 km from Machican on the north to Milpo on the south. It is by far 
the most important mine in the district with a production of 600 tons of lead- 
zinc ore per day in late 1953. At that time Milpo produced about 75 tons 
of ore per day and Machican about 5 tons. 

Allweather roads lead from Atacocha and Chicrin (the mill site) to the 
railroad at Cerro de Pasco. A 3-kilometer aerial tram and a 20-kilometer road 
connect Atacocha and Chicrin. An underground connection has also been 
made by means of raises from the Chicrin adit, or 3,600 level, which passes 
under the principal mine workings. The nearest airport with scheduled serv- 
ice is at Huanuco, 80 km by road north of Chicrin. 

Topography and Relief—The camp at Atacocha is 4,000 m above sea level ; 
mine workings extend from 4,300 m down to 3,600 m, the altitude of the mill 
at Chicrin. 

The area is on the eastern edge of the high central plateau of Pert and is 
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characterized by very rugged topography; the slope over the mine workings 
between 4,000 and 4,300 m, for example, is 30-35 degrees. 

Quebrada Chicrin, which drains the area, is a tributary of the Huallaga 
River, a north-flowing stream that is part of the Amazon river system. The 
Huallaga River is an actively downcutting stream and relief is considerable, 
400 m in the area mapped in Figure 2 and nearly 900 m between the river and 
the higher peaks. 

Climate and V egetation.—A wet and a dry season characterize the climate, 
with the dry season lasting from May to October. During the dry season, 
showers do occur, but in general the days are clear. Nights are cool through- 
out the year with frosts common above 3,500 m. Near the end of the dry 
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Fic. 1. Index map of Peru, showing the location of the Atacocha mine. 





season the scarcity of water becomes a problem at Atacocha, but Chicrin, being 
near the river, has ample water all year. 

Most of the Atacocha area is above the tree line. Scattered trees are found 
in sheltered places up to an altitude of 4,000 m, but above this altitude the 
only ground cover is grasses and herbs. Eucalyptus has been introduced and 
is found as far up the Huallaga River as Chicrin, but stands suitable for mine 
timber are not found above 3,000 m. 

Field Work and Acknowledgments.—Field work began in May 1952 and 
continued intermittently until December of that year. A plane-table map was 
made of the immediate mine area, using the company triangulation net for 
horizontal and vertical control. The underground workings were mapped 
geologically on a scale of 1:500 using company maps. Magnetic north is used 
for direction on all maps of this report. 
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The aid of two geologists of the Instituto Geolégico del Pert is gratefully 
acknowledged. Alberto Manrique P. assisted the writer from May to Octo- 
ber, and Ing® Eliodoro Bellido B. worked from October to December. 

Wholehearted cooperation was received from all personnel of the Compafiia 
Minera Atacocha. Ing® Edgardo Portaro, general manager, made the neces- 
sary preliminary arrangements for the study. Ing® Felipe Bautista C., general 
superintendent, provided living accommodations at Chicrin, and Ing® Carlos 
Valdivieso S., mine superintendent, provided accommodations and office space 
at Atacocha. Both gave freely of their time to discuss problems connected 
with the work, giving the writer the benefit of their long experience at Ata- 
cocha. Ing® Ortiz T. provided assistants and guides, as well as any informa- 
tion needed pertaining to company surveys. The other engineers at Atacocha, 
in particular Jorge Quintana S., who were in daily contact with the mining 
operations, assisted the writer by calling his attention to various points of 
geologic interest found in the course of mining. Officials of Hochschild y 
Cia., Ltda., kindly allowed access to an unpublished report on Atacocha by 
Otto Welter. 

The work was greatly facilitated by the cooperation of Dr. Jorge A. Broggi, 
Director of the Instituto Geolégico del Pert, who made available the resources 
of the Instituto. Mr. Frank Simons, Chief of the Geological Survey party in 
Pert, made valuable suggestions when visiting the party in the field, and also 
reviewed the manuscript for this report. 

Previous Work.—Earlier geologic work in the Atacocha area consisted of 
a surface reconnaissance by J. B. Stone, of the Cerro de Pasco Corp., in 1928 
and studies of the mine by Otto Welter in 1929 and by David Torres Vargas 
in 1948. The area was mentioned briefly in a report by Diaz (1). 

The report by Welter was made before the mine was developed to any 
great extent. His interpretation of the surface geology differed from that of 
the writer in that he considered the quartz sandstone to be older than the 
limestone, the reverse of the present interpretation. As a consquence of his 
stratigraphic interpretation he considered the synclinal fold in the sandstone, 
shown in Figure 3, to be an inverted anticline. In addition, a fault was neces- 
sary between the sandstone and the limestone to the west and north. The 
writer’s opposite interpretation will be discussed in subsequent sections of this 
report. 

Geologic maps of D. Torres Vargas were made available by the company. 
The maps are similar to the writer's, except for a difference in the correlation 
of the altered rocks. Torres Vargas mapped most of the altered rocks as 
quartzite, whereas the writer believes that they are largely altered limestone. 


DESCRIPTIVE GEOLOGY 


The general geology of the Cordillera Central in the Department of Pasco 
and Junin has been described by McLaughlin (3), Steinmann (5) and Harri- 
son (2). In brief, the history of the region, from the middle Paleozoic to the 
Upper Cretaceous, was one of intermittent marine sedimentation, with the 
exception of some vulcanism and the deposition of nonmarine red beds in the 
Permian, and again in the Cretaceous. Orogeny began in Late Cretaceous 
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time and continued intermittently through the Tertiary. The sedimentary 
rocks were folded and faulted, and intruded by igneous rocks of intermediate 
composition. Deposition of metallic sulfides took place after the intrusions. 
The region was eroded to a low undulating plain, which was subsequently 
elevated to its present position by a series of three uplifts. The region is being 
eroded so rapidly at present that except on the central plateau there is little 
opportunity for supergene enrichment of the mineral deposits. 

Triassic to Cretaceous sedimentary rocks and Tertiary intrusives are the 
only rocks exposed near the Atacocha mine. The mine is located near the 
axis of a small fold caused by drag along a major fault. Small reverse faults 
probably associated with movements on the large fault are found in the mine 
and are important ore controls. 

Triassic and Jurassic Limestone.—The oldest rocks exposed at Atacocha 
are limestone and interbedded shale of Late Triassic age. They crop out over 
a wide area north, east, and south of the mine (Fig. 2). Gray to black lime- 
stone is the predominant rock, and black shale a minor constituent. Chert 
nodules and lenses are common in the limestone. Individual beds range in 
thickness from 10 cm to 1m. The entire series is at least 1,300 and probably 
more than 2,000 m thick, as 2,100 m of conformable limestone beds are ex- 
posed in the Chicrin adit, although there may be some repetition by faulting. 
The base of the series is not seen at Atacocha but is found a few kilometers 
west of the mine where the limestones rest with slight angular unconformity 
on the red beds of the Mitu formation of Permian age. 

Limestone and shale of Early Jurassic age rest conformably on the Triassic 
rocks near Chicrin. Fossils are rare and the contact could not be located 
precisely. No Jurassic fossils were found near Atacocha, but the presence 
of Jurassic strata cannot be ruled out. 

In the mine area the lower part of the section consists of thick-bedded gray 
limestone. These beds are overlain by 100 m of thin-bedded black limestone 
and shale, that is overlain by 40 m of thick-bedded limestone. Conformably 
overlying this section are 40 to 80 m of interbedded brecciated red chert and 
clastic limestone that is in fault contact with quartz sandstone of the Goyl- 
larisquisga formation. Ore has been found only in and above the thin-bedded 
limestone and shale; the lower thick-bedded limestone seems to be barren. 

Cretaceous Rocks.—Resting with slight disconformity on the limestones 
are beds of the Goyllarisquisga formation of Early Cretaceous age. The for- 
mation was first named by McLaughlin (3) from exposures at Goyllaris- 
quisga, northwest of Cerro de Pasco. In the mine area the formation consists 
of bedded chert and chert breccia at the base, overlain by dark shale and fine- 
grained sandstone containing charred wood fragments; these in turn are 
overlain by white cross-bedded quartz sandstone that makes up the bulk of 
the formation. 

The Goyllarisquisga formation crops out in the trough of a south-plunging 
syncline at Atacocha and is found also above the limestone along the Huallaga 
River at Chicrin. 

Bedded dark-gray chert can be seen lying on the limestone in the Curi- 
ajasha area. This chert and associated chert breccia contrasts strongly with 
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the brecciated red chert mentioned previously, but both may be in the same 
stratigraphic position. 

Basalt flows are interbedded with and overlie the upper quartz sandstone 
beds. The flows are metamorphosed by a dacite intrusion near the mine and 
are indistinguishable in the field from fine-grained borders of the intrusive ; 
exposures were not good enough to map the two rocks separately. Unmeta- 
morphosed flows near Chicrin are found to be olivine basalt with diabasic 
texture. Violet-colored titanaugite phenocrysts up to 4 mm in diameter are 
a striking feature of some flows. 

Intrusive Rocks——The sedimentary rocks and lava flows have been in- 
truded by dacite (or tonalite porphyry). The largest intrusive is an irregular 
stock that crops out from the San Gerardo adit northwesterly to Curiajasha. 
Dikes and sills of similar composition are found on all sides of this stock over 
an area of several square kilometers. 

The rock is greenish gray to dark gray on fresh surfaces, and weathers to 
a reddish brown. Phenocrysts of plagioclase and quartz up to 3 mm. in 
diameter, with smaller crystals of hornblende and biotite, are enclosed in a 
fine-grained groundmass. In thin section the composition of the plagioclase 
proves to be on the andesine-labradorite boundary, An,,+,. Phenocrysts 
make up 50 percent of the rock with plagioclase forming about half of the 
phenocrysts. The percentages of quartz, hornblende, and biotite are about 
equal. Biotite is commonly altered to an aggregate of carbonate, chlorite, and 
epidote. Quartz and plagioclase phenocrysts generally have rounded corners 
or are embayed showing the effects of resorption. The groundmass is crys- 
talline and is largely plagioclase and quartz; orthoclase is probably present 
but could not be positively identified. 

Contact Metamorphism.—Contact effects of the intrusive rock vary both 
in the intrusive bodies themselves and in the intruded rocks. Along some 
contacts the dacite has a chilled border very similar in color and texture to 
the metamorphosed basalt, but on other contacts no chilled border is evident. 
Quartz sandstone shows little change; along some contacts the sandstone has 
been converted to quartzite. Contact alteration of the limestone, with the de- 
velopment of wollastonite and garnet, was found in two areas, one on the 
4,103 level near coordinate 3,600 N, and the other on the mine road about 2 
km from the mine. Limestone seems to be unchanged along some porphyry 
contacts, particularly near the smaller dikes. 

Alluvium.—No rocks younger than the dacite are found at Atacocha. Un- 
consolidated alluvium covers the bottoms of valleys, and slope wash and talus 
mantle from hillsides. This unconsolidated material is not thick, but it effec- 
tively obscures the bedrock over extensive areas. 


STRUCTURE 


The mine area can be divided into three distinct structural groups. East 
of the mine the sediments form the flank of a large anticline and have a regular 
east dip. South and west of the mine the rocks are folded into a south- 
plunging syncline that has been intruded by the igneous rocks. North and 
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west of the mine the beds of limestone seem to be thrown into minor folds that 
are difficult to relate to either of the other structures, but the major structure 
seems to conform to the synclinal structure found farther south. Faulting is 
extensive in the western blocks, and strike faults are found in the mine where 
the 3,600-level adit crosses the eastern block, although these are not apparent 
on the surface. The ore bodies and veins seem to be confined to the south- 
western block. 

Folds.—The most prominent fold in the area is a faulted anticline that can 
be traced for several kilometers. The east flank of this anticline is well ex- 
posed between Atacocha and Chicrin; the anticline is faulted, probably near 





Fic. 3. View southward showing the Atacocha mine. The syncline in sand- 
stone is visible at upper right and cross fold on the left. The dashed line repre- 
sents the approximate trace of the No. 1 fault. 


its axis, and the west flank is not clearly defined. The sandstones and imme- 
diately underlying limestones west of Quebrada Chicrin and south of La 
Laguia have a steep west dip, and probably represent a portion of the west 
flank. The structure in the limestone is not well known north of La Laguia 
where small irregular folds complicate the picture. 

An asymmetric syncline is well exposed in the sandstone cliffs near La 
Laguia (Fig. 3). The steeper east flank dips 75° W and the west flank dips 
40-60° E. The axis of the syncline strikes N 20 E and plunges 40° SW. 
To the south the syncline is interrupted by intrusive rocks. The limestone 
beds to the north seem to reflect the synclinal structure, but the relations are 
not clear. 
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A small cross fold formed by drag along a large fault was mapped in the 
sedimentary rock directly over the mine workings. This fold seems to be 
one of the principal controls in the localization of the Atacocha ore bodies. 
Ore is found near the axis of the fold, in veins and in replacement bodies. 

Faults.—A large fault zone extends along the east side of the mapped area 
and for several kilometers north and south. Its position is well marked topo- 
graphically along part of its length, particularly on the east side of Quebrada 
Chicrin, but in many places it cuts across the present topography, and its posi- 
tion is marked by changes in strike of the limestone beds and by a breccia zone. 
A 60-meter breccia zone was found where the 3,900-level adit crosses the fault 
zone. 

Total displacement and direction of movement are not known. The east 
side may have moved up and to the north relative to the west side. North of 
Atacocha the beds west of the fault are bent sharply and dragged to the north 
showing that the movement had a horizontal component. 

The fault appears to be premineral because the structures that control ore 
deposition are due to movements along it. In the 3,900-level adit the fault 
breccia is recemented, except along the western contact where a gouge zone 
may represent a later period of movement. 

The No. 1 fault is the chief fault exposed by the mine workings. Its trace 
on the surface is not well exposed, but it must crop out at the base of the brec- 
ciated red chert zone; black gouge marks the outcrop of the fault just south 
of La Laguia. The No. 1 fault dips 45 to 60 degrees east below the 4,103 
level and is the contact between Triassic or Jurassic limestone in the hanging 
wall, and sandstone of Cretaceous age in the footwall; this relationship indi- 
cates that the fault is a reverse fault. The fault closely follows the strike of 
the bedding, even to the turn made in the cross fold. On and above the 4,103 
level the No. 1 fault steepens and joins a steep west-dipping fault (Fig. 4). 
This latter fault is on the contact of the red breccia and sandstone and closely 
follows the dip of the beds as well as the strike. 

No direct evidence was found for the premineral or postmineral age of 
the No. 1 fault. Veins terminate against it, but no evidence was found that 
indicated offsetting of the veins. The abundant gouge formed along the fault 
may have inhibited the formation of potential ore-bearing structures. Mr. 
Bautista reported that on one level mineralization seemed to be continuous 
across the fault zone between the Veta Prima (Main Vein) and the No. 1 ore 
body, which also suggests a premineral age for the fault. Smaller faults 
branching from the No. 1 fault in the sandstone do offset veins a few meters, 
so possibly there was both premineral and postmineral movement. 

Numerous smaller faults were observed in the course of surface mapping. 
The most common strike directions are within a few degrees of north and 
N 60-80° W. Many other faults are undoubtedly present but escaped notice. 
A probable fault exists in the San Gerardo area where the quartz sandstone 
south of the porphyry mass in the quebrada is offset to the west relative to the 
sandstone north of the porphyry. The porphyry may have been intruded 
along a zone of weakness caused by faulting. 

Hydrothermal alteration and offsetting of the contact between the chert 
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and limestone in the Curiajasha area indicate faulting, and small northwest- 
striking faults have been found, but no large fault was found that could be the 
one mapped by Welter (8). He mapped a large fault on the contact, extend- 
ing from near Curiajasha east to La Laguia and on to the north, and indeed 
such a fault was essential to his stratigraphic interpretation that the sandstone 
is older than the limestone. There is evidence of local faulting on the contact, 
but in other places the chert can be seen lying conformably on the limestone. 


GEOLOGIC HISTORY 


Limestone of Triassic age is the oldest rock exposed in the mine area, 
either on the surface or in the mine workings. The limestone is largely re- 
crystallized, but its association with limy shales indicates that it is biochemical 
in origin rather than clastic (4, p. 293). The presence of black limy shale 
also suggests that stagnant conditions existed at times during the deposition 
of the limestone. 

The area was probably uplifted and eroded in the interval between the 
deposition of the limestone and the Goyllarisquisga formation, even though the 
two formations are largely conformable. A conglomerate containing lime- 
stone and chert cobbles is present on the contact at Chicrin. The contact is 
marked by chert and chert breccia in the mine area, indicating a possible 
marine basin that did not extend as far east as Chicrin. The isolated lime- 
stone outcrops in the Curiajasha area, near the contact, may represent an 
uneven surface on which the chert was deposited. 

The sea receded during the period in which Goyllarisquisga sediments 
were deposited. The marine chert was followed by carbonaceous shale and 
fine-grained sandstone representing deltaic conditions, and these in turn were 
followed by crossbedded quartz sandstones that probably represent flood-plain 
deposits. Volcanic activity began near the end of the period of sandstone 
deposition and brought that period to a close. A new marine invasion fol- 
lowed as shown by marine limestone beds above the basalt flows. This lime- 
stone has been eroded from the mine area, but is present at Chicrin. 

After a period of unknown duration the sediments were folded and faulted 
and subsequently were intruded by dacite. The dacite intrusions in Central 
Pert are generally considered to be Tertiary in age. 

Sometime after the intrusion, the rocks were altered by hydrothermal solu- 
tions, and the metallic sulfides were deposited. Galena-rich veins were formed 
in the quartz sandstone, and galena-sphalerite-pyrite veins and replacement 
bodies in the limestone. 

A large region in central Peri was reduced to an area of low relief by 
Pliocene time, according to McLaughlin (3) and Harrison (2), and subse- 
quently elevated to its present height in three stages. 

Glaciers were present in the Atacocha area during the Pleistocene but their 
extent is not known. Excavations in Quebrada Chicrin above the mine ex- 
posed unsorted gravels, probably of glacial origin. Closed basins and U- 
shaped valleys found above 4,000 are also evidence of glacial activity. 

At present erosion is proceeding so rapidly that there is little opportunity 
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for soil development, or for the development of zones of oxidation or super- 
gene enrichment of ore bodies. Sulfide minerals are found at the surface, 
notably in the San Gerardo area. 


HISTORY AND PRODUCTION OF THE ATACOCHA MINE 


The presence of mineralization at Atacocha was known in colonial times, 
but no work was done due to the low silver content of the ore. 

Modern exploration of the deposit began about 1910. J. H. Fleming 
abandoned the property after doing a small amount of work near the present 
4,240 level. Another group also abandoned the property without doing much 
work, 

About 1920 a claim on the property was filed by Sr. J. F. Gallo of Cerro 
de Pasco. He carried on intermittent operations until 1929 when conditions 














TABLE 1 
METAL PRODUCED FROM THE ATACOCHA MINE, 1940-1952 (METRIC TONS) 
Year Ore milled Lead Zinc ver 
1940 | 49,019 3,337 9,335 
1941 } 47,470 4,054 2,734 10,208 
1942 50,868 5,615 6,215 12,628 
1943 51,146 5,769 5,267 14,718 
1944 57,329 7,710 9,195 16,636 
1945 58,519 7,240 9,657 17,894 
1946 52,257 5,768 7,373 16,967 
1947 54,902 5,628 4,529 13,640 
1948 56,613 4,409 2,242 10,980 
1949 59,263 6,105 1,852 14,583 
1950 111,162 9,306 4,419 26,100 
1951 155,106 11,357 5,135 28,931 
1952 192,692 14,950 6,698 35,216 




















Data from ‘‘Anuario de la Industria Minera en el Peri’ and from company records. 


caused by the world economic crisis forced a shut down. In 1936 he resumed 
operations on the 4,000 level, and subsequently found the No. 1 ore body. On 
the basis of this discovery the Compafiia Minera Atacocha was formed. The 
company developed the mine rapidly, and expanded it to its present important 
position. 

Production figures for the early operations are not known. Table 1, show- 
ing the production since 1940, gives some idea of the steady growth of the 
operation. 


GENERAL FEATURES OF THE ATACOCHA MINE 


The mine is developed by about 30 km of workings on 16 levels, covering 
a vertical distance of 700 m. Vertical spacing between levels ranges from 
25 to 55 m, with one gap of 175 m betweeen the Chicrin tunnel, or 3,600 level, 
and the principal mine workings above. The altitudes used for numbering 
levels are based on an arbitrary datum that is about 25 m too low, but the 
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distances between levels are correct. All the levels are connected by internal 
shafts or raises. The workings follow veins in limestone and quartz sand- 
stone, and in the upper levels also explore a strong fault zone extending south 
toward the San Gerardo area. 

Several unmineralized faults containing abundant gouge are found in the 
mine. The relation between four numbered faults of this type is best shown 
by Figures 4 and 5. Number 1 fault is the main fault along which the lime- 
stone has been thrust over the quartz sandstone; it has been traced from the 
3,805 level up to the 4,103 level. At the 4,103 level the fault steepens and 
joins a steeply dipping fault separating the brecciated red chert and reddish 
quartz sandstone. The downward extension of this latter fault is not known; 
it does not cut the “D” vein on the 4,048 level. Faults numbered 3 and 4 
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Fic. 4. Cross section through the Atacocha mine. 





seem to be splits from the footwall of No. 1 fault as shown on the section 
(Fig. 4). 

The importance of the No. 1 fault and its extension above the 4,103 level 
is its relation to the replacement ore bodies. The largest ore bodies found 
to date have been in the limestone hanging wall within a few meters of the 
fault. The abundant gouge may have acted as a barrier to the ascending 
solutions from which the ore minerals were deposited, concentrating them 
below the fault. In areas where the fault surface was broken by cross 
structures, such as Veta Prima (Main Vein) and possibly the Tres Mosque- 
teros dike, the solutions had easy access to the limestone and the replacement 
of favorable beds by ore minerals was possible. 

The No. 2 fault is a steep fault below No. 4 fault that seems to follow a 
shale band between the quartz sandstone and the underlying chert breccia. 
The intersection of the two faults plunges southeast. Neither the shale nor 
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a fault was found above the No. 4 fault. On the 3,900 level the No. 2 fault 
contains abundant gouge, but on lower levels it is marked only by shearing 
in the indurated shales. The Veta Prima terminates on the west against No. 
2 fault or its enclosing shale. This vein may be faulted, but, as it narrows 
and becomes pyritic on entering the shale, a more probable explanation is 
that the vein fissure dies out in passing from the brittle sandstones into the 
incompetent shale. Not enough work has been done west of the shale to see 
if the fissure develops again in the brittle chert breccia. 

Innumerable small fractures are found in the mine. Some are unmin- 
eralized, others contain only pyrite, and others contain sphalerite and galena 
as well as pyrite. 


ORE DEPOSITS 


Ore is found as irregular replacements in limestone and as veins in either 
limestone, quartz sandstone, or chert breccia. 

Replacement Bodies.—Several replacement ore bodies have been found 
during the development of the mine. The majority have been found in the 
limestone above or east of the No. 1 fault or its upper extension; the No. 5 
ore body is partly in red chert breccia east of the fault (Fig. 6). Ore bodies 
have also been found below the 3,900 level in the limestone west of the syncline 
in quartz sandstone. The contact of the chert breccia and limestone is faulted 
on the 3,900 level, but seems to be a normal depositional contact below. 

Veins have been followed westward through the quartz sandstone and gray 
chert breccia, and on entering the limestone some of them have opened up into 
irregular replacements. Not enough work has been done as yet to determine 
the size of these bodies. A large ore body in limestone was found on the 3,600 
level west of the chert breccia. 

The replacement deposits are the major source of ore. They consist of 
incomplete replacements of limestone by‘ pyrite, sphalerite, and galena, with 
varying amounts of gangue, largely clay minerals. They vary widely in both 
size and grade. The No. 1 ore body, now largely worked out, had a pitch 
length of about 250 m, a breadth of 40 to 70 m, and a thickness of from 4 to 
10 m. The No. 4 ore body has a stope length of 35 m and a thickness of 
as much as 25 m but may not have the vertical extent of the No. 1 ore body. 
The grade of the ore ranges from 8 to 20 per cent combined lead and zinc in 
approximately equal proportions. 

A spatial relationship exists between some ore bodies and the stronger 
veins. Ore body No. 1 and the Veta Prima are found together on opposite 
sides of the No. 1 fault. Fault No. 3 splits from the No. 1 fault near the 
Veta Prima (Fig. 7) and may also have some relationship with the localiza- 
tion of the No. 1 ore body. Ore bodies 3 and 4 are located at the change in 
strike of the No. 1 fault, near the axis of the cross fold mentioned earlier, 
and on the opposite side of the No. 1 fault from the “D” vein. Orebody No. 5 
is adjacent to the Tres Mosqueteros dike that may cross the No. 1 fault. 
These relationships suggest that the ore bodies formed where strong fractures 
crossed the No. 1 fault and intersected the favorable limestone horizons above. 
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The dacite does not seem to have been important in the formation of ore 
bodies, except for the Tres Mosqueteros dike, which forms the northern limit 
of the No. 5 ore body. The contact-metamorphic area on the 4,103 level in 
which garnet and wollastonite were formed is not ore bearing. 
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Fic. 7. Longitudinal section of a portion of the No. 1 fault, showing the pro- 
jection of the No. 1 ore body to the fault plane, and the relation of the ore body to 
the Veta Prima and the No. 3 fault. 


Veins—Veins are found throughout the mine in any rock type. They 
range in size from irregular stringers to large veins, such as the “D” vein, 
which has been followed for over 150 m along the strike and for over 300 m 
vertically. The veins now being mined are usually less than 1 m in thickness, 
but locaily may be 3 to 4 m thick. 

Veins of minable width are found in limestone and thin-bedded shale above 
the 4,000 level, and east of the No. 1 fault. They are most numerous and 
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largest near the axis of the cross fold shown by the bend in the No. 1 fault 
(Fig. 6). The veins narrow and pinch downward and have not been found 
below the 3,970 level. The reason for their pinching is not known; the curve 
in the No. 1 fault is not as pronounced on the 4,000 level as it is above, so 
possibly the cross fold dies out in depth. Very little work has been done 
along the No. 1 fault below the 4,000 level. The veins in limestone range in 
grade from 15 to 28 percent combined lead and zinc, with zine generally 
slightly in excess of lead. 

Veins in quartz sandstone and chert breccia are found on all levels; below 
the 4,000 level they are the principal source of ore. The Veta Prima and 
the “C” and “D” veins are the largest of this type. The Veta Prima has been 
found on every level from the 4,000 to the 3,775 and it still continues down- 
ward. The No. 1 and No. 2 faults form the east and west limits of the Veta 
Prima, which strikes northwesterly and has a steep southwest dip. The vein 
is 80 to 100 m long and 1 to 4 m wide. 

The “C” vein strikes nearly east and dips 50 to 70° N. It is limited on 
the east by the No. 1 fault and on the west by the “D” vein or by the No. 4 
fault. The segment between the No. 1 and No. 3 faults is missing below the 
3,935 level. The “C”’ vein wedges out above the 4,000 level against the inter- 
section of the “D” vein and No. 1 fault, but lengthens rapidly down dip reach- 
ing a length of about 100 m on the 3,935 level. Below the 3,900 level only 
segments of the fault are known, but it has been followed to the 3,840 level. 
The vein is from 0.5 to 2 m wide. 

The “D” vein has been followed from above the 4,192 level down to the 
3,900 level. It has a nearly vertical dip and the strike varies from N 40-70° 
W. The No. 1 fault is the eastern limit on most levels. On the 3,900 level, 
however, the vein has been found only west of the No. 3 fault ; a diamond-drill 
hole drilled east of the fault failed to locate the vein. The vein dies out in 
chert breccia to the west on some levels, but on others it has not been followed 
beyond a large fault. On the 3,900 level the vein has not been found west of 
the No. 4 fault. The “D” vein has a maximum length of about 150 m and a 
width of from 0.5 to 2 m. 

The grade of the veins in sandstone or chert breccia ranges from 10 to 17 
percent lead and from 2 to 3 percent zinc. The reason for the difference in 
the lead-zine ratios in ores from the siliceous rocks and those from the lime- 
stone is not known. 

Veins in dacite are mostly small, but ore-bearing fractures are widespread. 
Many of the dacite contacts are mineralized. The Tres Mosqueteros dike is 
found on all the levels above the 4,000 level in the hanging wall of the No. 1 
fault. It contains veins of minable width, and the No. 5 ore body extends 
south from it. The dike has not been explored to see if it crosses No. 1 fault; 
a dacite dike mapped on the surface west of the fault may be che same as the 
Tres Mosqueteros dike. 

A suggestion of a radial pattern can be seen in the plan of the veins on 
the 4,103 level (Fig. 6). The veins in and near the Tres Mosqueteros dike 
strike nearly east, but those farther north strike a little north of west. This 
pattern could be due to tension fractures formed during the formation of the 
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cross fold. Fracture filling seems to have been the principal process in vein 
formation ; replacement is of minor importance. 


MINERALOGY AND CLASSIFICATION 


A brief description is given of the mode of occurrence and paragenesis of 
the ore and gangue minerals noted during the Atacocha study. A detailed 
mineralogic study of the ore was not attempted so the list is probably not 
complete. 


Sulfides and Sulfosalts 


Arsenopyrite—Small amounts of arsenopyrite are found intergrown with 
and replacing pyrite, and in turn being replaced by sphalerite and galena. 
The arsenopyrite is massive; crystal faces were not noted. 

Chalcopyrite-——Copper is a minor constituent of Atacocha ore and is not 
of economic interest. Chalcopyrite, the most common copper mineral, is 
found throughout the mine in scattered small grains and as blebs in sphalerite. 

Galena.—Galena is one of the principal ore minerals. Small crystals are 
found but the usual occurrence is in granular masses with typical cubic cleav- 
age. The cubes in a specimen from the 4,263 level are oriented so as to give 
the specimen a banded appearance. Cleavage fragments are small and cubes 
over 5mm on an edge are rare. Galena was deposited after most of the pyrite 
and probably contemporaneously with the sphalerite. Galena-bearing veins 
can be seen cutting pyrite veins. The “D” vein has a galena-rich center bor- 
dered by sphalerite and pyrite so at least some of the galena seems to be 
younger than sphalerite. 

The silver content of the ore varies directly with the galena content. No 
silver minerals were seen, so probably the galena is argentiferous. 

Jamesonite.—A lead-antimony sulfide, tentatively identified as jamesonite, 
was found on the 3,900 level. The mineral shows a good cleavage in one di- 
rection. It is associated with galena, sphalerite, and pyrite. 

Marcasite-—Marcasite from Atacocha is listed in the Catalogo Mineralégico 
Nacional, but none was noted during the mine mapping. 

Orpiment.—Bladed and micaceous yellow orpiment is found associated 
with realgar. Orpiment is more abundant than realgar, but most of it seems 
to be an alteration product. 

P yrite-—Pyrite is the most abundant sulfide in the area, and with sphalerite 
and galena forms the characteristic mineral assemblage. Pyrite, however, is 
found over a much wider area than the other sulfides. Concentrations of 
pyrite are commonly present along intrusive contacts, and barren pyrite veins 
occur. Massive and crystalline pyrite are both common. Pyrite in the ore 
bodies is massive or forms small striated cubic crystals, but in the hydrother- 
mally altered zones the disseminated pyrite is generally found as small pyrito- 
hedrons. Crystals over 2 cm in diameter are rare. Pyrite was probably the 
earliest sulfide to form, and it continued to be deposited throughout most of 
the period of sulfide deposition. 

Realgar —Realgar and orpiment are abundant on the 4,240 level and were 
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noted in seams in the gouge of No. 1 fault as far down as the 4,103 level. 
They are also found in fractures in limestone on the 3,600 level between 1,200 
and 1,300 m from the portal. Large specimens of realgar and orpiment were 
obtained from a vein in limestone on the 4,240 level. The realgar occurs as 
orange platy masses enclosed in orpiment, and as small red crystals that re- 
semble cinnabar. The larger realgar-orpiment veins are not found associated 
with lead-zinc minerals, but realgar fills fractures in a small body of ore. 

Sphalerite—Light-brown to nearly black sphalerite occurs in varying pro- 
portions with galena. It occurs as a massive mineral with good cleavage, as 
rounded grains, and as crystals that may show multiple twinning. Age rela- 
tions of the sphalerite are not well known. Specimens from the ore bodies 
are difficult to secure as the ore crumbles readily. In the veins, sphalerite and 
galena are later than some of the pyrite. 

Tennantite-—Tennantite was identified in one polished surface of Atacocha 
ore. It was found replacing pyrite, but its age relation to adjoining galena 
and sphalerite could not be determined. 

Calcite —Veins of calcite are abundant in limestone, and some are found in 
quartz sandstone, where calcite is a common gangue mineral. The calcite is 
white or cream and medium grained with rhombohedral cleavage. It is com- 
monly intergrown with rhodochrosite in the ore-bearing veins. These carbo- 
nates are among the latest minerals to form; they fill the centers of veins and 
enclose angular fragments of sulfides. Veins of fibrous calcite 1 to 2 cm wide 
are common features in the upper mine workings. They are definitely postore 
and may be supergene in origin. 

Cerussite —Cerussite was found in the Curiajasha area as colorless grains 
in a yellow earthy groundmass. 

Chlorite—One or more members of the chlorite group of minerals are 
present in two areas of the mine. Chlorite is abundant in a sheared zone on 
the contact of the limestone and chert west of the quartz sandstones on the 
3,935 level and also occurs along what may be the same contact on the 3,600 
level. 

Clay Minerals——White clay minerals are common constituents of the hy- 
drothermally altered rocks close to and in the ore bodies. Positive identifica- 
tion was not possible, but the microscope revealed clay minerals with high and 
low birefringence, so both the kaolin and montmorillonite groups may be 
represented. 

Fluorite—Violet and green fluorite occurs in carbonate veinlets in the 
upper mine levels, both in ore bodies and in country rock. Abundant fluorite 
is reported on the 3,840 level below ore body No. 1, but the area was inacces- 
sible at the time of the examination. Fluorite also occurs in tiny fractures in 
porphyry and quartz sandstone. Cubes and irregular masses with grains as 
much as 2 cm in diameter are associated with calcite and rhodochrosite. 
Fluorite is apparently one of the last minerals to form, as the carbonate vein- 
lets in which it is found cut the ore minerals. 

Gypsum.—Gypsum occurs as thin scaly crystals in fractures and on ex- 
posed surfaces, and in massive granular aggregates in the alteration zone of 
the ore bodies and veins. 
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Limonite.—Limonite occurs pseudomorphous after pyrite, and as stalac- 
titic and botryoidal forms in old workings. It is a common oxidation product. 

Malachite.—Malachite was found both in old workings and on the surface. 
The best occurrence of malachite is along the road about 2 km from the mine, 
where it is found in old prospect trenches associated with chalcanthite. 

Manganese Oxides—Black manganese oxides are common on the walls of 
some workings, and in vein outcrops in limestone adjoining the mine area. 
Psilomelane is the most abundant manganese oxide in the vein outcrops with 
pyrolusite present in small amounts. The manganese-bearing outcrops are 
not indicators of ore below; some of the larger veins of this type have been 
explored with discouraging results. 

Melanterite-—Fibrous green melanterite was found in old workings. 

Muscovite.—Sericite is present in sheared zones in the hydrothermally 
altered rocks, but it is not a common alteration product at Atacocha. 

Phlogopite——Abundant phlogopite was found in a fault zone on the 3,600 
level associated with biotite, hematite, chlorite, and pyrite. 

Quartz.—Small acicular crystals of quartz are found in vugs in the veins 
and ore bodies, but veins of quartz are not known. Silicification of the lime- 
stone is the common type of alteration near No. 1 fault, but the silica mineral 
could be either quartz or chalcedony. 

Rhodochrosite-—Rhodochrosite is a common gangue mineral. It is gen- 
erally massive, but a scaly form lines vein cavities. The fresh mineral is pink, 
but it becomes nearly white on exposure to air. 

Serpentine.—Serpentine nodules occur in limestone south of Gueshgua 
and west of La Laguia. Massive serpentine and the fibrous variety chrysotile 
were found in a fault zone on the 4,240 level. 

The mineralogy of the Atacocha ores is indicative of deposition under mod- 
erate conditions of temperature and pressure. Realgar and orpiment are typi- 
cal epithermal minerals, but they were deposited after the deposition and frac- 
turing of the other sulfides. The galena-sphalerite-pyrite association is found 
in all classes of hydrothermal deposits, but the association with jamesonite and 
tennantite, and particularly with the gangue minerals rhodochrosite and flu- 
orite, indicate moderate to low temperature and pressure. The deposits 
should probably be classified as leptothermal. 


HYDROTHERMAL ALTERATION 


Well-defined alteration envelopes around the ore bodies are not found at 
Atacocha. Alteration of the carbonate wall rocks is nearly everywhere pres- 
ent, but it varies greatly in intensity and shows no consistent relation to known 
features. The sandstone and chert seem to be little affected by hydrothermal 
alteration. 

The limestones have been altered for varying distances from the ore bodies 
and veins, and alteration is nearly continuous in the hanging wall of No. 1 
fault. Silicification is the commonest type of alteration. Argillization is 
prominent near some ore bodies but may be weak or absent near others. Dis- 
seminated pyrite is present in both types of alteration. 
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The first alteration effect is a bleaching of the limestone, which may be 
slight and may be the only change noted outward from the ore. With more 
intense alteration the limestone becomes nearly white and loses its distinctive 
structural features. Highly altered limestones are difficult to distinguish from 
fine-grained quartz sandstone, but chert lenses that resemble those in unaltered 
limestone may be present. In one area on the 4,000 level, north of coordinate 
3,760 N, and east of No. 1 fault, alteration is so intense that the original rock 
type could not be determined ; the fault is shown as the contact because of simi- 
lar relations elsewhere. 

Zones of hydrothermal alteration are favorable for exploration at Atacocha, 
but additional factors need to be considered. Alteration near the veins in 
sandstone is negligible, and some ore in limestone is found in only slightly 
altered rock. On the other hand the limestones near No. 1 fault are nearly 
everywhere altered, so alteration alone is not an infallible guide to ore. De- 
tailed microscopic examination of altered rocks may show an association be- 
tween certain alteration minerals and ore, but without equipment and trained 
personnel this is of doubtful practical aid in prospecting. 


DEPOSITIONAL HISTORY 


The events leading up to the deposition of metallic sulfides at Atacocha are 
not well understood, but a possible sequence is offered. The major fault zone 
east of the mine, and the subsidiary thrust faults such as No. 1 fault, may have 
originated during the period of orogeny in which the strong folding took place, 
probably prior to the porphyry intrusions. The intrusions may have accom- 
panied renewed movements on the faults during which the cross fold that 
localized the ore bodies was formed or accentuated. No. 1 fault is conform- 
able in strike with the sediments in the cross fold, so it may have been folded 
with them and would thus predate the cross fold. The fractures in which the 
veins formed seem to have developed as a consequence of the cross folding. 
They could not have remained open for a long period so it seems probable that 
they were formed after the porphyry intrusions. Silica and pyrite were then 
deposited from hydrothermal solutions from an unknown source. The por- 
phyry contacts were favorable channelways at this time, as most of them are 
mineralized with pyrite. Later solutions carried lead and zinc sulfides that 
filled accessible fractures and replaced favorable limestone beds. The replace- 
ment ore bodies may have formed from local concentration of solutions guided 
by the gouge zones of the thrust faults, or in areas where intense fracturing 
permitted the access of abundant solutions to the favorable limestone horizon. 
Arsenic sulfides were deposited as a later phase of hydrothermal activity. 
Their occurrence in the upper mine workings, or at some distance from known 
lead-zinc ore on the 3,600 level, suggests zoning, but where arsenic and ore 
minerals occur together, the arsenic minerals fill late fractures in the crystal- 
lized lead and zinc sulfides, and are not found intergrown or replacing them. 

Postmineral movements appear to be minor. The “D” vein has been off- 
set as much as 10 m, and a larger displacement may have taken place on a 
strong fault that cuts off the vein on the west. Many veins terminate against 
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the gouge zones of the thrust faults, but as there is no evidence of faulted ore 
and no known correlation between veins on either side of the faults, the vein 
fissures may have ended in the incompetent gouge zones. 

Supergene enrichment is of minor importance inasmuch as the veins do 
not have much surface expression, and the ore bodies did not reach the zone 
of oxidation. An exception is at San Gerardo, and there because of rapid 
erosion, sulfide ores are found on the surface. 


CONCLUSION 


Structural relations are of prime importance in the Atacocha mine. 
Knowledge derived from the mapping, such as the location of the major ore- 
bearing area near the axis of the cross fold and the location of the largest ore 
bodies near the hanging wall of the No. 1 fault, should be of assistance in the 
laying out of future exploration. 

The area surrounding the Atacocha mine has been well prospected. Sev- 
eral small ore bodies have been mined, and other ore bodies will probably be 
discovered. An adit was driven in the Curiajasha area in late 1952 to explore 
mineralized faults that crop out there. The faults were not found to be of 
economic interest at depth, but further work is planned to explore the contact 
of the limestone and chert breccia in that area. A small amount of ore was 
found along a contact of the dacite and lava near coordinates 3420 N and 
5,110 E (Fig. 2). Further work is also being done in that area. 


U. S. GrotocicaL Survey, 
WasHInocTon, D. C., 
Aug. 10, 1954 
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1 Contribution No. 2 (Engineering Geology) from the Department of Geology, University 
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views of the Corps of Engineers. 
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ABSTRACT 


The “case history” of Folsom Dam emphasizes the need for geologic 
reasoning in the site location, planning-design, and construction phases of 
multi-purpose projects. Construction afforded an unusual opportunity to 
evaluate current exploration techniques in highly fractured and deeply 
weathered granitic and metamorphic rocks. 

The project totals 4.8 miles of dam and consists of: an overpour grav- 
ity section with partially enveloping earthfill wing dams on the American 
River; Mormon Island earthfill dam across an ancestral channel; eight 
smaller earthfill saddle dams on tributary drainages; two diversion tun- 
nels; and appurtenant structures. 

The main dam and most of the saddle embankments are founded on 
quartz diorite (Upper Jurassic). Metamorphic rocks of the Amador 
group (Middle-Upper Jurassic) form the foundation at the Mormon Island 
site. In addition to weathered bedrock, overburden consists of Recent 
mining debris and Pliocene( ?)-Pleistocene channel gravels. The quartz 
diorite is extensively fractured by a complicated joint system; locally the 
closely spaced joints simulate a shear or fracture zone. 

The erratic weathering of quartz diorite constitutes a serious founda- 
tion and excavation problem. Commonly outcrops proved to be residual 
“boulders” underlain by highly weathered rock to considerable depths. 
The composition and origin of minerals in the fresh and weathered stages 
(slight, moderate, highly) of quartz diorite are tabulated for use in pre- 
dicting the conditions at new sites involving similar rock; megascopic and 
microscopic criteria for subdividing the weathered rock are correlated 
with their respective engineering-physical properties. The most impor- 
tant factors controlling the depth and extent of weathering are: spacing 
of joints and fractures; degree of microfracturing; and the physiographic 
history of the area. 

Geologic investigations included a variety of subsurface techniques, i.e., 
borings, “man-sized” openings, geophysical surveys, and use of a bore 
hole camera. Several limitations became apparent with conventional ex- 











INVESTIGATIONS, AREAL AND ENGINEERING GEOLOGY 273 


ploration techniques; data from “man-sized” openings supplemented the 
cored borings. 

At the main dam, foundation excavation was performed in three con- 
tract stages; conditions exposed at subsequent levels aided in estimating 
the final foundation. The extremely varied excavation and final founda- 
tion rock are recorded in an exploded stage diagram; actual subsurface 
geologic features of typical “lift” surfaces are correlated with logs of cored 
borings and resistivity survey data. Three sizeable fault zones traverse 
the foundation; special dental treatment and added excavation exposed 
unquestionable foundation rock. 

The core trench of many earthfill dams was grouted on the split-method 
pattern. Adequate grouting of the highly weathered quartz diorite (mod- 
erately permeable) proved difficult due to its inhomogeneity and clayey- 
filled fractures. At Mormon Island, innumerable springs issued from the 
schistose foundation and necessitated a grout curtain to a depth of 60 feet. 

Sources of construction materials consisted of: (1) natural aggregate 
and pervious fill from alluvium deposits; (2) impervious earthfill “bor- 
rowed” selectively from outcrops of highly weathered quartz diorite; and 
(3) rip-rap of quartz diorite from the main dam, power house and tail- 
race excavations. 

To gain additional power head, the natural channel was lowered and 
the power house placed in a deep excavation. Geologic problems inherent 
to the excavation included design of a 250 foot open-cut slope and treat- 
ment of fractures and joints in a rock “ledge” between the spillway chan- 
nel and partially underground power plant. 


INTRODUCTION 


TueE role of geologists who have a sound background of engineering experi- 
ence has become increasingly important in the site location, planning-design, 
and construction stages of dam and reservoir projects. This “increased de- 
mand” is partly due to the need for construction sites in areas of unfavorable 
foundation conditions, where geologists can assist materially in reducing the 
cost factor as well as increasing the safety of the structure. With construc- 
tion costs at a high level, the necessity to avoid additional expenditures, such 
as those created by over-excavation, becomes increasingly important. 

The following “case history” of a multiple-purpose project which involved 
practically every phase of construction, except that for an arch dam, clearly 
demonstrates the application of geologic principles in the various operational 
stages. It includes: selecting the site and type of dam; design of excavation 
slopes ; location and selection of construction materials ; diversion of the river ; 
determination of foundation grade; and the treatment of the finished founda- 
tion. The Folsom Project, located in an area of deeply weathered granitic 
and metamorphic rocks, affords an opportunity to evaluate exploration tech- 
niques and their respective results in highly fractured and irregularly weath- 
ered rocks. 


NATURE OF PROJECT 


The Folsom Dam and Reservoir Project is located on the American River 
20 airline miles northeast of Sacramento (Fig. 1), in the Sierra Nevada foot- 
hills, central California. The project comprises: an overpour concrete gravity 
section 355 feet high and 1,400 feet long across the American River, with 
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Fic. 1. Locality map of Folsom Project with an index map of California. 


partially enveloping earthfill wing dams; Mormon Island auxiliary earthfill 
dam 120 feet high across an ancestral channel; and eight smaller earthfill 
saddle dams. The 10 structures combine to total 4.8 miles of dams over a 
distance of 10 miles along the reservoir rim. Development of the American 
River is a joint undertaking by the Corps of Engineers, U. S. Army, and the 
U. S. Bureau of Reclamation, under terms of the “Folsom Formula” legisla- 
tion,” passed by the United States 8lst Congress in October 1949. 


PREVIOUS WORK-——HISTORY 


The earliest geologic work to include the Folsom area was that of Walde- 
mar Lindgren * (18, p. 2), in 1894, as part of his Mother Lode gold belt stud- 
ies. The initial investigation for a dam near Folsom was made in 1927 by 
the American River Hydroelectric Company (9) with borings at a lower site 
(Table IV). 

The Corps of Engineers completed a brief reconnaissance of the area in 
1940 and subsequently received authorization for a concrete dam (650,000 
acre-feet capacity). The Bureau of Reclamation (10). drilled core borings 


2 Folsom Project, named after the town nearby, is under construction by the Sacramento 
District, Corps of Engineers, U. S. Army. It requires placing 13 million cubic yards of earth- 
fill material and about 2 million yards of concrete, to create a reservoir of one million acre- 
feet capacity; cost is 65 million dollars. Construction of the powerhouse and upstream and 
downstream development for hydro-electric power and irrigation, is under the Bureau of Recla- 
mation, who will operate the integrated projects, i.e., flood-control, power, and irrigation. 

3 Numbers in parentheses refer to References at end of paper. 
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at a lower site and at an upper site and made reconnaissance geologic studies 
at the present sites in 1942 (Table IV). The drill core, logs, and a recon- 
naissance geologic map are available. Reconnaissance investigations (Table 
IV) started in 1944 by the Corps (15) were completed in 1945-46 and con- 
sisted of core borings, churn drill holes, pits and shafts, one adit, and some 
surface mapping. A petrographic study of some of the rock units at Folsom 
was completed independently by Johnston (14) in 1947 together with a recon- 
naissance geologic map of the northern part of the Folsom quadrangle. As 
a result of reconnaissance investigations, authorization for a million acre-foot 
reservoir was granted and planning progressed for a final design of this 
capacity. 


FIELD WORK 


Geologic investigations of the planning-design * stage began in late 1948 
and were essentially finished by early 1950. 

Investigations of the construction stage ® accompanied the separate phases 
of the project starting in early 1949 and continued intermittently through 
1953. Aside from test pits and shafts at the earthfill dam sites, no “man- 
sized” openings were used (concrete section) until the spring of 1953, when 
two 36-inch calyx holes were drilled in the right abutment, and extensive 
shafts and adits were driven in the left abutment. 

The writers served as project geologists (Kiersch beginning 1949 to mid- 
1950, and Treasher fall 1950 to early 1953). Geologic investigations com- 
pleted during this period included the planning-design through early con- 
struction investigations and reports. The foundations for the earthfill dams 
and dikes were treated and covered, both diversion tunnels completed, the 
excavation at the gravity section largely completed, and placing of concrete 
started.® 


4 Included: NX core holes (Table IV) drilled in the foundation and along tunnel alignments 
at the overpour gravity section, and two 48 inch auger holes bored through part of the weath- 
ered rock “blanket” but not into hard rock; additional shafts and test pits for the earthfill 
portions; regional mapping of a large part of the Folsom and Auburn quadrangles (1: 62, 
500); areal mapping of all dam sites (1” = 20 or 50 feet); and a detailed study of all avail- 
able cored borings and subsurface exploration for planning-design purposes, i.e., estimate of 
foundation conditions, establishing tunnel alignments, and location of construction materials. 

5 Included: NX core holes and percussion drill holes (Table IV) drilled in the foundation 
and along tunnel alignments at the concrete dam; observation and counsel on all exacavation 
and tunnelling operations, additional exploration for determining the final stripping limits 
(Table IV); advising on the adequacy of foundation rock; designing and executing a founda- 
tion treatment program; preparation of “as constructed” foundation maps of all dams and 
tunnels; and further exploration and evaluation of additional construction material deposits. 

6 The Folsom Project field operations were under project engineer A. F. Kull (1948-51), 
Fred Geis (1951-52), R. B. Jenkinson (1952-53), Charles Beatie (1953—), of the Corps of 
Engineers; H. F. Bahmeier (1950-54) served as construction engineer for the American River 
Development Division, Bureau of Reclamation, of which the Folsom Project becomes an oper- 
ating unit. Planning-design was under the Engineering Division, Sacramento District, Corps 
of Engineers. C. P. Holdredge is head of the geology section. 

Thanks are due to: staff geologists who assisted the writers with particular phases, namely, 
Merwin Rose, Norton Smith, W. I. Konkoff, Gladstone Marchand, Russel Roddy, W. S. How- 
ard, K. Seaborn, George Plafker, and R. Kachadoorian. Prof. John W. Anthony, University 
of Arizona, described certain thin sections and Keith Coke prepared certain thin sections and 
micro-photographs; and Dr. Parry Reiche, Sacramento, reviewed the manuscript which has 
improved the paper. Donald Sayner of Tucson drafted several of the illustrations (Figs. 
1, 2, 4, 8, 11). 
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GEOLOGIC SETTING 
Physiography 


The Folsom Project is located in the low westernmost foothills of the cen- 
tral Sierra Nevada; the upper “arms” of the reservoir extend eastward into 
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the foothills where the streams are more deeply entrenched. Relief ranges 
from a maximum of 1,242 feet near Flagstaff Hill to 150 feet near the town 
of Folsom (Fig. 1). 

The American River drains an area of approximately 2,000 square miles 
and consists of three tributaries. The Middle and North Forks join near 
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Auburn; the master stream is formed by the confluence of the South and 
North Forks one-half mile upstream from the main dam (Fig. 1). 

The North and South Forks occupy broad, mature valleys up to 3 miles 
wide near their confluence. Recent uplift has resulted in further downcutting 
by these streams with youthful entrenchment of the drainage in a V-shaped 
inner valley 30-185 feet deep. Flanking this inner canyon is a gently sloping 
mature valley one-half to one and one-half miles wide which has been dis- 
sected by numerous small tributary streams. This outer valley is bounded 
on the west and southeast by a series of low hills, erosional remnants isolated 
by the tributary drainage. It is these topographic lows that required the con- 
struction of eight saddle dams in order to create the desired reservoir capacity. 
North and South Forks are bounded on the north and east by low foothills. 

A late Pliocene (?)-Pleistocene course of the American River, Blue Ra- 
vine Channel, flowed through the Mormon Island area and joined the present 
stream channel below the town of Folsom (Fig. 1). Crustal adjustments 
throughout the Sierra Nevada caused a backfilling of Blue Ravine Channel 
with late Pliocene(?)-Pleistocene gravels. Subsequent downcutting and head- 
ward erosion by the present drainage system apparently captured the stream 
through Blue Ravine and isolated the gold-bearing gravels therein. This 
ancestral stream carved a broad, gently sloping valley, one to two and one-half 
miles wide which is related to the wide, outer valleys of North and South 
Forks; the drainage divide is marked by several gravel-topped hills. 

The drainage pattern throughout the area has been strongly controlled by 
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Fic. 3. Geologic cross section near Natomas; three ages of alluvium. 


Rocks of the Area 


The various formations and rock types that underlie the Folsom region 
have been partially described in the literature and a general description is 
not repeated here. Areal distribution of the formations is shown on Figure 2. 
Rock types involved in the foundations, reservoir, and as construction material 
deposits, are discussed in detail below under foundation and engineering geol- 
ogy ; a summary of their characteristics is given in Table I. 

The Folsom region is underlain by metamorphic rocks of the pre- 
Carboniferous to Permian (22) Calaveras formation, the Middle-Upper Ju- 
rassic (22, 17) Amador group, and the Upper Jurassic (22) Mariposa for- 
mation. These metamorphic rocks were intruded by the magmas of the Sierra 
batholith during Upper Jurassic time. The earliest of the intrusions were 
the ultra-basic rocks such as those at Chrome Hill (26). The magmas be- 
came more salic until the great granitic batholith (18) was emplaced. During 
the Upper Cretaceous (18), the soft, fine-grained sediments of the Chico for- 
mation were laid down, to be partially covered by the Eocene-Miocene (?) 
Ione sediments (1, p. 353), part of which may be represented by the Miocene 
Valley Springs sediments (19, p. 71-80). These in turn were partially cov- 
ered by the Miocene-Pliocene Mehrten formation (19, p. 61-71). More re- 
cently, three epochs of alluviation have been identified; an Old alluvium of 
Upper Pliocene (?) and Pleistocene age (2), an Intermediate alluvium of 
Upper Pleistocene age (6), and the Recent stream channel deposits (Fig. 3). 


Structure 


Some generalizations are known concerning the regional structures as a 
result of the areal mapping; details of the structural features at the specific 
sites are discussed below under foundation geology. 

Structural features older than faulting are recognized at numerous locali- 
ties. The original bedding of the metamorphic rocks strike northward and 
dips easterly (40° to nearly vertical). 

Faults——Major faults trend both northeast and northwest and have been 
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observed in detail within the ultra-basic rocks at Flagstaff Hill (26). The 
northeast trending faults dip steeply southward and are displaced up to 2,000 
feet (partly horizontal component). Faults striking northwest are not as 
strong. The fault pattern where observed, such as at the dam sites, appears 
to be consistent throughout the area. 

Quartz veinlets and stringers with associated mineralization and altera- 
tion are abundant along northeastward trending breaks. Post-mineralization 
movement has invariably fractured and shattered these quartz stringers, com- 
monly with small-scale displacements. 

Faulted and shattered marmorized limestone bodies of Calaveras age crop 
out northeast of the Folsom Project and are believed to be along northward 
trending fault zones. This same association was observed by Eric and Strom- 
quist (7) to the south in the foothill belt west of the Mother Lode fault. They 
concluded that the bodies were blocks of the Calaveras formation faulted into 
contact with Amador rocks, a relationship that is likewise common in the 
Folsom area (Fig. 2). 

Shear Zones.—Regional shears strike generally east and are known to tra- 
verse both granitic and ultra-basic rocks. An essentially vertical shear zone, 
almost 100 feet wide and striking N 82°E, is exposed in an abandoned quarry 
inside Folsom prison. Evidence of recent small-scale movement along the 
silicified breaks is abundant. Other “shear” zones and particularly rudely 
sheeted fracture zones were observed in detail in the foundation excavations 
and are discussed under foundation geology. 


Sequence of Events 


Before discussing specific conditions at the dam sites, and their effect on 
the design and construction, a resume of the geologic history of the Folsom 
area may be outlined briefly as follows: * 

(a) Water-laid sediments with interbedded volcanic outpourings (Car- 
boniferous-Permian) were initially folded and uplifted at the close of the 
Paleozoic, forming the Calaveras rocks. 

(b) Prolonged erosion followed; during the Middle Jurassic epoch, wide- 
spread volcanism poured out the Amador group of andesitic and dacitic rocks. 

(c) Subsequent erosion resulted in deposition of near-shore sediments 
along the western border of the land mass. A second, more intense period of 
uplift during the Upper Jurassic epoch resulted in the initial metamorphism 
of the now slaty Mariposa rocks and added to the metamorphism of older 
rocks, 

(d) Mountain building forces (Nevadan orogeny) were active during 
the late Jurassic and possibly early Cretaceous time (22). The Calaveras, 
Amador, and Mariposa rocks were compressed into a complicated series of 
northward-trending steep folds which resulted in their repetition; dynamic 
metamorphism associated with this and earlier periods of diatrophism resulted 
in recrystallization and the formation of schistose, slaty, and foliated structures 
therein. During the orogeny, ultra-basic and granitic magmas from the 
parent Sierra Nevada batholithic source were intruded along a northward 
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structural trend and in local areas tended to develop’ a contact aureole 
relationship. 

(e) Closely associated with this major rupturing was the deposition of 
quartz and gold ore in pre-existing breaks forming numerous gold veins. 
The initial and most abundant joints formed were a northeastward-striking 
group, apparently a part of a regional system throughout the middle Sierra 
Nevada (16). 

(f) Subsequent erosion removed a large volume of the “bedrock series” 
which was deposited as littoral and fluviatile sediments, i.e., the Cretaceous 
Chico and Eocene Ione formations. Prolonged erosion exposed the gold 
veins and widespread auriferous gravels were deposited throughout the ex- 
isting streambeds. 

(g) Extreme volcanic activity began during Oligocene time and continued 
intermittently until Pliocene; ash, lavas, and flows of breccia were interbedded 
with tuffaceous sediments (includes the andesitic debris of the Mehrten for- 
mation of Miocene-Pliocene age). Tertiary streams with their auriferous 
gravels were filled with lava flows; consequently the drainage was forced to 
cut new channels located approximately in their present location and pattern. 

(h) The Sierra Nevada was elevated to its approximate position in early 
Quaternary time (initial uplift in Upper Pliocene) with a series of steep-angle 
block faults along the eastern margin; the accompanying westward tilt of the 
blocks has contributed to the dips of the Cretaceous and Tertiary strata in the 
Folsom area. 

(i) The streams have down cut and widened their valleys in several stages 
since initial uplift, as evidenced by the wide, mature valley and V-shaped inner 
canyon of the American River; several uplifts are apparent from the gravel 
covered terraces and benches (Fig. 3). Down-cutting has reached the crop- 
pings of gold-bearing veins in many places; vein material, combined with re- 
worked auriferous Tertiary gravels, has been deposited extensively through- 
out the drainage system. 

(j) One of the results of the prolonged and complicated rising of the 
Sierra Nevada is a complex joint pattern. The alignment of the major 
streams strongly suggests an east trending set and a northeast trending set, 
both of which have fairly high angle dips. Many of the low angle joints may 
have been formed by a static relief of vertical pressure resulting from erosion 
of the overlying rocks—sometimes called “rebound” expansion—to produce 
sheeted joints. Locally, a joint set may be closely spaced and thus simulate 
a shear or fracture zone. 

Microfractures in the quartz diorite are in part due to the causes respon- 
sible for the joint system but largely as a result of hydration by hydrothermal 
solutions (5). Biotite and hornblende, after being altered by hypothermal 
solutions to anhydrous mica or possibly a clay mineral, increased in volume 
when exposed to surface waters. This phenomenon contributed to the accom- 
panying microfracturing. Weathering was hastened and facilitated by this 
widespread microdisintegration process and has altered the quartz diorite 
to impressive depths. 








282 G. A. KIERSCH AND R. C. TREASHER 


FOUNDATION GEOLOGY OF DAM SITES AND APPURTENANT STRUCTURES 


There are five important formations at or in the vicinity of the dam sites 
(Fig. 2): (a) quartz diorite (Rocklin granite) forms the foundation at the 
main dam and saddle embankments 1 to 7; (b) metamorphic rocks of the 
Amador group form the foundation at the Mormon Island auxiliary dam and 
saddle embankment 8; (c) a bouldery member of the Mehrten formation caps 
the low hills separating the saddle dams and is part of the foundation at saddle 
dam 5; (d) Old alluvium fills the Blue Ravine Channe! at Mormon Island 
and was overburden at this site; (e) Recent alluvium fillec the channel at the 
main dam and was part of the overburden. Weathered granitic or meta- 
morphic rock comprises part of the overburden at all sites. 

A detailed description of the foundation rock at each site is of practical 
importance. 


Gravity Section—Main Dam 


General—The American River has carved a V-shaped canyon 200 feet 
wide at its base and 185 feet below the floor of the mature valley at this site 
(Fig. 4). The walls of the inner canyon are steep; the right abutment is a 
1 to 1 slope, while the left abutment has a slope of 14 to 1. 

Petrology of Quartz Diorite-——The typical rock is a mottled light-gray, 
medium- to coarse-grained, massive aggregate of quartz, andesine-oligoclase, 
microcline and biotite, with subordinate amounts of hornblende, magnetite, 
muscovite, and zircon (Table II). Commonly the andesine-oligoclase is 
strongly zoned with the central core having a larger extinction angle; this is 
suggestive of a more basic core and characteristic of quartz diorite (11) 
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TABLE II 


MINERALOGICAL COMPOSITION* OF QUARTZ DIORITE (FRESH AND ALTERED) 
(Alteration products are indented under parent mineral in tabulation) 























Weathered State 
Essentially 
Minerals Fresh 
(Percent) Slightly Moderately Highly 
(Percent) (Percent) (Percent) 
Andesine-Oligoclase (p) 67.4 66.1 64.6 60.3 
Sericite (w) Pr 1 2 3 
“Dusty” clay (w) Pr 0.5 1 2 
Carbonates (w) Pr 0.5 1 2 
Quartz (p) 19 19 19 19 
Microcline (p) 2 2 1.0 0.5 
Sericite (w) — Pr 0.5 1 
“Dusty” clay (w) — Pr Pr 0.5 
Carbonates (w) ~- Pr Pr 0.5 
Biotite (p) 8 7 5 3 
Change color (w) ~ Yes Yes Yes 
Limonite (w) = 1.0 2 3 
Epidote (w) — Pr 0.5 1 
Chlorite (w) _— Pr 0.5 1 
Hornblende (p) 2.0 1.5 0.5 0.2 
Biotite (d) Pr Pr Pr Pr 
Blea. Biotite or Sericite (w) — Pr 0.5 0.5 
Limonite (w) _— Pr 0.5 0.9 
Epidote (w) — Pr 0.1 0.2 
Chlorite (w) oo Pr 0.2 0.2 
Magnetite (p) | 0.2 0.2 0.2 0.2 
Apatite (p) 0.2 0.2 Pr Pr 
Zircon (p) 0.1 | 0.1 0.1 0.1 
Sphene (p) 0.1 0.1 0.1 0.1 
Chlorite (h) 0.5 | 0.5 0.5 0.5 
Epidote (h) 0.1 0.1 0.1 0.1 
Sericite (h) 0.1 0.1 0.1 0.1 
“Dusty” clay (h) Pr Pr Pr Pr 
Pyrite (h) 0.1 0.1 Pr Pr 
Limonite (w) — | Pr 0.1 0.1 
Quartz (d) Pr Pr rr Pr 
Carbonates (d) and (h)? Pr | Pr Pr Pr 








* Given in estimated percentages from thin sections (instead of chemical analyses) to aid in 
correlating data for field use. 

Symbols for origin: (p) primary; (h) hydrothermal; (d) deuteric?; (w) weathering. Pr— 
present in very small quantities. 


Zoned plagioclase crystals commonly show combined Carlsbad and albite 
twinning. The texture of the rock is fairly uniform; subhedral to euhedral 
plagioclase crystals average 1-2 mm in length and equant anhedral grains of 
quartz average 1 mm in diameter. The larger plagioclase and quartz grains 
have an “interstitial” material of their smaller sized grains. Biotite up to 6 
mm in length is generally ragged in outline, and black. Hornblende, com- 
monly twinned, is present as both “brown” and “green” varieties. 

Numerous core borings throughout the foundation areas revealed several 
granitic facies of high-silica differentiates, which were slightly different in 
texture and composition. It is believed that the end-stage magmatic effects 
caused, at least in part, variations of the mineral composition. Deuteric al- 
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teration resulted in biotite developing at the expense of hornblende, together 
with fine-grained interstitial quartz and a marked zoning of the plagioclase 
crystals. (Similar conditions of alteration reported by Hoppin and Norman 
(13, p. 14). 

A faint gneissoid structure due to a rude alignment of the mafic minerals 
was observed in numerous borings. It was not determined whether this struc- 
ture was primarily induced by flowage prior to consolidation or was largely 
the result of later stresses. Both were active and could have formed or con- 
tributed to this inherent rude banding. A set of nearly east-west joints occurs 
parallel to the gneissoid structure suggesting some connection between origin 
and stresses. 

Xenoliths composed principally of fine-grained feldspar, biotite, and horn- 
blende are scattered throughout the quartz diorite. These small, dominantly 
tabular-shaped inclusions are dark in color due to an abundance of mafic min- 
erals and their finer-grained textures. The xenoliths in no way weaken the 
rock for foundation purposes. 

Small quartz stringers and veinlets that range from a fraction of an inch 
to several inches wide commonly are associated with fractures that strike 
N 30°-45° E, and dip 30°—40° northwest. Subsequent fracturing has invari- 
ably shattered the quartz. The stringers were relatively abundant near the 
surface, but as the excavations deepened the stringers became less prominent, 
and in some areas they disappeared completely. 

Hydrothermal alteration is strongest where associated with the quartz 
stringers. Rock near the contacts is normally bleached with silicification, 
argillization, and the introduction of pyrite along with the formation of sericite, 
chlorite, epidote, and iron oxides. All quartz diorite is hydrothermally al- 
tered to a greater or less degree. Fresh specimens examined in thin section 
show secondary minerals of hydrothermal and deuteric (?) origin (Table IT). 

Weathering of Quartz Diorite—The seemingly erratic depth of weathering 
proved to be one of the most serious foundation problems. Large and closely 
spaced outcrops of rock generally indicate that sound bedrock is at a shallow 
depth. Commonly, such outcrops proved to be residually weathered “boul- 
ders” that were underlain by thoroughly decomposed rock to considerable 
depth. The decomposed rock mass also contained numerous residually weath- 
ered “boulders” below the surface which were entirely surrounded by weath- 
ered rock. Many diamond drill cores were initially interpreted to have pene- 
trated “sound rock” although the rock was cut by weathered joint planes. 
Excavation proved that the anticipated “sound rock” consisted of “boulders” 
representing less than 50 percent of the excavated material (Fig. 11). Conse- 
quently, it was necessary to drill, blast, and excavate the entire rock mass. 

The depth and extent of weathering depend upon several factors, the most 
important being: (a) spacing of the joints and fractures; (b) degree of micro- 
fracturing of the mineral grains ; and (c) the physiographic history of the area. 

Weathering begins by incipient alteration along the joints and fractures 
in massive rock, progressing by stages to residual boulders and jointed “ribs” 
of relatively fresh rock separated by “seams” and granular material. In some 
cases, the weathered crumbly mass contains only a few small remnants of 
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fresh quartz diorite. Isolated outcrops are seemingly solid bedrock ; however, 
these rounded masses are residual joint blocks bounded on all sides by altered 
matrix. 

Microscopic examination reveals that weathering begins with the oxidation 
and some hydration of the ferrous iron in the sulfide and ferromagnesian min- 
erals, which subsequently forms limonite. An increase in volume accom- 
panies development of limonite and certain weathered minerals (5). Biotite 
and hornblende, after being initially altered by hydrothermal solutions to 
epidote, anhydrous mica, or possibly a clay mineral, increased in volume when 
attacked by surface waters. Internal pressures with individual grains as cen- 
ters were produced within the rock; relief of this pressure formed new frac- 
tures and widened the pre-existing microfractures present before the volume 
change. Petrographic examination revealed some microfractured grains in 
all stages of weathering and commonly in fresh rock (Fig. 5 for comparison). 
The presence of microfractures accelerated weathering ; in the advanced stage, 
the abundance of limonite coating mineral grains and along grain boundaries 
suggests an appreciable migration of iron oxides with distribution by down- 
ward moving solutions. 

Hydration of the feldspars apparently begins after breakdown of the 
mafic minerals and is appreciable only in the advanced stages of weathering. 
The more calcic cores of the zoned plagioclase crystals may consist largely of 
a “dusty” clay (halloysite), whereas the more sodic margins remain rela- 
tively fresh; halloysite and kaolinite form along fractures and cleavage planes. 

In many instances, specimens of highly weathered rock failed to show an 
appreciable chemical alteration of the grains, as might be anticipated. Feld- 
spars had only rims of kaolinized material, and biotite flakes were compara- 
tively fresh and shiny ; however, the grain boundaries were invariably loosened 
and the individual grains microfractured and “expanded.” This condition or 
stage of development influenced compactidn of an earthfill core (Table V). 

Accelerated weathering in zones of closely spaced fractures resulted in the 
advanced stages of alteration progressing to known depths of 140 feet below 
the surface with underlying sections of less weathered rock (moderate and 
slight) to greater depths. 

Generally the quartz diorite blanketed by terrace gravel deposits has under- 
gone weathering to greater depths than elsewhere. 

To facilitate an estimate from pre-construction borings of the excavation 
quantities and depths for an adequate foundation (“sound rock’’), the errati- 
cally weathered rock observed in the core was subdivided into three classes: 
highly, moderately, or slightly altered on the basis of its megascopic degree of 
weathering (Fig. 6a, b for a typical log). The mineralogical composition of 
the three classes of weathered rock is given in Table II, petrologic properties 
in Table III, and engineering properties in Table V. 

The advanced stage of disintegration, plus the high moisture content 
(Table III) facilitated by the shattering and microfracturing, makes the more 
weathered rock friable and soft. 

Stream Channel Deposits—The pioneer hydroelectric dam of the Pacific 
Gas and Electric Company constructed in 1894 (70 feet high) is located some 
4,700 feet downstream from the present dam. The reservoir ponded mining 
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debris from hydraulic and placer operations that consisted of boulders, cob- 
bles, gravel, sand, and fines (the “slickens” of the hydraulic miners). Depth 
at the dam site averaged 65 feet. Predominantly this debris consisted of 
rudely stratified, angular to well-rounded gravel of crystalline metamorphic 
and igneous rocks (average 2 inch diameter). Huge blocks of granite and 
boulders were abundant near the base. Scattered throughout the debris were 
lenses of sand, and fine silt and clay (slickens) which increased in propor- 
tion toward the dam. A typical log (churn drill hole) is given in Figure 7b. 


TABLE III 


PETROLOGIC CHARACTERISTICS OF QUARTZ DIORITE 
(Fresh and Altered) 








Weathered State 























Essentially 
Fresh 
Slightly Moderately Highly 
Mottled. Essentially as dura- | Firmly coherent, somewhat | Loosely coherent, friable with 
Light-gray, ble and high quality | friable with original textures | original textures and _ struc- 
medium- to as rock in fresh state. | well preserved. tures mostly preserved. 
coarse-grained. | Feldspars—‘‘visibly" | Feldspars—moderately frac- | Feldspars—highly fractured, 
8 Unaltered fractured, weakly | tured, bleached grayish- bleached white. 
v4 high quality bleached a whitish- white. Quartz—rounded. 
g and durable. gray. | Quarts—very slightly Biotite—strongly bleached. 
4 Limonite—specks rounded. Limonite—abundant, asspecks 
scarce. Biotite—weakly bleached. and coating minerals, along 
s In logging cored bor- | Limonite—common, as specks | grain boundaries and cracks. 
ings, lighter colored | coating minerals and along | Moisture content increased 
feldspars used as cri- | the boundaries of individual | 200-300 percent by weight; 
teria for separating | grains, cracks. rock very soft. 
from fresh rock. Moisture content somewhat 
| increased. 
Fairly uniform Weakly altered. Only slightly altered. Less altered than expected 
texture; Feldspars—mildly Grains shattered, particularly | from iron stained, ‘‘rotten”’ 
subhedral to shattered, ‘‘tight”’ feldspars,many “open,” other | appearance; grains highly 
euhedral welded appearance, | grains interlocked. shattered, particularly feld- 
crystals. grains interlocked. Feldspars—sericitization and | spars, more so in a uniformly 
Some frac- Minor sericitization | “dusty” clay covering part textured rock. 
turing of and “‘dusty”’ clay of calcia “‘cores.”’ pen" fractures—with some 
grains, but a ——F calcic Biotite—partially altered to | limonite filling. 
“tight,”” welded limonite. Felds pars—sericitization and 
y appearance. (See Table II.) Quartz—slightly rounded. “dusty” clay covering calcic 
a (See Table II.) Some limonite along ramify- | ‘‘cores.’ 
8 ing cracks and individual | Fe rounded by 
2 grain boundaries. solution of silica from grains 
5 Some ferrous iron oxidized to | at points of contact near sur- 
= ferric oxide. face. 
a (See Table II.) Biotite—bleached, appreciable 
alteration to limonite. 
Limonite—abundant as coat- 
ing on mineral grains, in rami- 
fying cracks, and along min- 
eral boundaries. 
—" iron oxidized to ferric 
‘Se “Table II.) 





Structure, Joints.—The principal and most prominent joint sets strike (a) 


N 45° E, dip 45° NW, and (b) N 88° E, dip 72° SE. The N 45° E set 
are spaced from 5 to 10 feet apart; many show distinct evidence of movement, 
such as slickensides, fluting, and offsetting or intersecting “joint” planes. 
Many of the joints are heavily iron stained, with products of hydrothermal 
alteration bordering the fractures. Quartz stringers were abundant as a joint 


filling near the original ground surface but became less prominent at founda- 
tion grade. 
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Fic. 7. Typical logs of borings. 
a. Shaft and churn drill hole in Old alluvium. 
b. Churn drill hole in Recent alluvium. 


The N 88° E set tends to parallel a faint gneissoid structure, commonly 
being spaced at 6 to 12 inch intervals. Many of these “joints” show evidence 
of movement characterized by gouge (74-4 inch wide). On the left abutment 
two additional sets locally are prominent. From near stations 293 to 296, a 
set strikes roughly N 40° E and dips 70°-80° NW. These joints permitted 
weathering effects to penetrate deeply with the subsequent development of 
highly weathered rock to a depth approaching that of the Channel fault (Fig. 
4). From near stations 296 to 300 a set strikes about N 60° E, and dips 
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20° NW. Mostly they are filled with quartz stringers and oxidized and al- 
tered rock. The Channel fault appears to parallel this joint set. Locally 
other “joints” tend to break the rock mass into blocks, 2 to 5 feet on a side, 
which are bounded by slickensided, oxidized, and chloritized material. 

Structure, Faults ——At least three faults have seriously affected the founda- 
tion. One traverses the foundation near station 285 + 50 (Figs. 4 and 11), 
striking roughly N 45° E and dips 45° NW. Quartz stringers, hydrothermal 
alteration and a zone of highly weathered rock are associated. Direction or 
amount of displacement was not determined. 

A major fault zone, about 50 feet wide, overlies the diversion tunnel (Figs. 
4and 11). The rock in the fault zone has been severely brecciated and mod- 
erately softened. The zone is bounded by the Wing Wall fault on the hang- 
ing wall and the Penstock fault on the footwall, the latter fault lying approxi- 
mately 15 feet above the crown of the tunnel. The zone strikes N 45° E, 
dips 45° NW, and nearly parallels the tunnel alignment where observed in 
the foundation. A lamprophyre dike, which has been offset by the fault zone, 
indicates that the hanging wall moved horizontally downstream relative to the 
footwall some 50 feet (Fig. 11). 

A third fault, herein called the Channel fault, was exposed on the left abut- 
ment when excavation approached foundation grade near station 293 + 50. 
Where exposed it strikes northeastward and dips about 20° NW (Fig. 4). 
The fault zone consists of highly fractured quartz, weathered rock, and unc- 
tuous clay in varying proportions from one inch to three feet thick. Below 
the fault plane, the rock generally was hard and fresh; above the fault plane 
the quartz diorite was severely fractured and locally highly decomposed. 
Rock weathering appeared to be controlled by an intersecting set of steep joint 
planes. The intensity of the decomposition decreased up dip under the left 
abutment and became of minor importance near station 295+ 50. Minor 
faults with displacements of from less than an inch to 6 inches parallel the 
N 45° E and the N 88° E sets of joints on the left abutment. 

Excavated bodies of moderately weathered rock exhibited several features 
which were originally mapped as faults but proved otherwise. These “faults” 
were suspected on the basis of a closely sheared appearance to the rock, several 
inches either side of the fracture. Subsequent excavation revealed that this 
apparent shearing died out as the rock improved in quality. Also, where 
other joint planes intersected the “faults,” the “shear planes” commonly 
changed directions and flattened in a manner strongly suggestive of exfoli- 
ation. Tentatively, these particular zones appear to represent the effects of 
linear exfoliation rather than faulting. 


Wing Dams and Saddle Embankments 


The foundation rock, left and right wings of the main dam (Fig. 1), con- 
sists of highly weathered quartz diorite with scattered fresh boulder-like 
masses as described above. 

Undoubtedly many structural zones similar to those at the gravity section 
traverse the foundation of the wing dams and saddle embankments (strongly 
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suggested by scattered information and the structure pattern). However, the 
excavation for the core trench (3-10 feet) was not sufficiently deep to accu- 
rately delineate these zones. 

The saddle dams (Fig. 1) are located in typical low, rolling foothill coun- 
try ; topographically, the saddles are measured in hundreds of feet wide and 
tens of feet deep. Erosion along prominent joint sets, especially eastward 
trending fractures, controlled the development of the topographic lows: 

Site of dike 5 is a steep-walled saddle. Deeply weathered quartz diorite 
underlies the channel and lower abutments; a bouldery member of the Mehr- 
ten formation caps the low hills and forms the foundation near the top of the 
abutments. 

Mormon Island Auxiliary Dam 


General.—Blue Ravine Channel is over one mile wide at the dam site. 
The right abutment has a very gentle slope which is broken by a small knoll 
(Fig. 8) and the left abutment is steeper and rises on an even slope. 

Blue Ravine Channel is filled with auriferous gravels‘ (Fig. 7 for detailed 
description) at this site. Recent gold dredging operations disturbed part of 
these gravels and stacked them as tailings (Fig. 9a). A core trench exca- 
vated into bedrock provides the cut-off for the dam. 

The dam site is underlain by metamorphic rocks of the Amador group 
(17) described in detail by Taliaferro (22) in the area to the south. The 
left abutment consists of arkosic and schistose rocks which have been cut by 
numerous small dioritic and diabasic dikes. Above crest elevation, fine- 
grained metabasite crops out on the ridge to the northeast. The right abut- 
ment consists of schistose rocks with an abundance of silvery, hornblende 
schist. 
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Fic. 9. Photographs. 
a. Mormon Island dam site, showing core trench excavated. 


b. Diversion tunnel, weathered and blocky rock at intake portal. 
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The channel section is underlain by softer, schistose and arkosic members 
(i.e., tremolite schists, hornblende schists, meta-andesite, arkose, and porphy- 
roblastic hornblende-quartz schist) which are deeply weathered and irregu- 
larly scoured. 

Weathering, Amador Group.—The abutments of the dam site are blan- 
keted by a thin mantle of brownish soil (1-2 feet deep) grading into highly 
weathered metamorphic rock. This soft material is nonuniform due to dif- 
ferential alteration along joints, foliation, schistosity, and original bedding 
planes. Consequently, the isolated fresh outcrops are cut-off at depth by 
“seams” of weathered material and jointed blocks are bounded by “mud 
seams.’ The arkosic and schistose rocks weather more rapidly and to greater 
depths than the volcanic and most of the plutonic rocks included in the Amador 
group. 

Schists and granitic dikes exposed in the core trench excavation revealed 
the expected hard and soft variation in their degree of weathering. The 
metamorphics proved to be exceedingly soft and deeply weathered where 
overlain by channel gravels. 

Maximum burden along the alignment of the Natomas canal tunnel (Fig. 
8) amounted to 100 feet; the schistose and arkosic rocks at this depth are 
blocky, separated by “seams” of clayey material. The outer “shell” of the 
rock is soft and highly altered, progressing inward to the fresh “core” of the 
block. Spheroidal weathering was noted in localities 75 feet below ground 
surface. Differentially weathered dikes of dioritic and diabasic rocks are 
common. Deep downcutting during Late Pliocene (?) to Pleistocene time 
followed by back-filling of the channel subjected the near surface rocks to a 
prolonged period of weathering and may well account for the deep alteration 
at this site. 

Old Alluvium.—tThe gravels that fill Blue Ravine Channel are weakly ce- 
mented and crudely stratified (Table I and Fig. 7a for typical description). 
The distribution of the rock units at the site are given on Figure 8. 

Gravels in Blue Ravine Channel were dredged and treated for their gold 
content by the Natomas Dredge Company (operations suspended October 
1949). Consequently the disturbed alluvium was stacked in tailing piles, i.e., 
finer sand, silt, and gravel (under 4 inch diameter) near the bottom grading 
upward into coarser gravel. 

Structure.—Well-developed foliation is apparent in scattered outcrops of 
the Amador group rocks; generally strikes north to northeastward near the 
dam site making an angle of 20° to 70° with the axis (Fig. 2). Relics of 
the original bedding were observed in the ribs and working face of the Na- 
tomas canal tunnel and in the open cuts at both portals. 


ENGINEERING GEOLOGY 


Exploration—Investigations 


Geologic investigations of the Folsom Project can be separated into the 
reconnaissance, planning-design, and construction stages. Details of the ex- 
ploration performed are summarized in Table IV. 
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Seismic and Gish-Rooney resistivity surveys were conducted by geophysi- 
cist Dart Wantland, Bureau of Reclamation (25), on the right and left abut- 
ments. A correlation between the geophysical properties of the quartz diorite 
and the geologic data from cored borings was established (Fig. 10); data 
indicated a recognizable difference in the materials tested, which paralleled 
the logged subdivisions of weathered rock pierced in the core borings. The 
geophysical properties’ of fresh and weathered quartz diorite are given in 
Table V. 
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Fic. 10. Geophysical data correlated with diamond drill hole log. 


Data * assembled during the planning-design phase of the studies was used 
to establish preliminary “sound rock” contours and probable foundation 
grades for all structures. 


Gravity Section—Main Dam (Concrete) 


General.—Both abutments of the main dam are relatively flat to within a 
short distance of the channel section (Fig. 4). This physiographic condition 
influenced the construction schedule with the abutments excavated first; after 
the coffer dams were closed and the river diverted, the channel section was 


7 Correlation data of this type was helpful to the Bureau in their interpretation of resistivity 
data collected at undrilled diversion dam sites located downstream. 

8 Geologic studies included: preparation of a regional geologic map (Fig. 2); a map of all 
dam sites at 1 inch = 50 feet; an outcrop-and-joint-plane map of the concrete dam area; de- 
tailed logging of all cored borings (Table IV) and soils data from test pits; and correlating 
these logs with the surface maps as well as an intensive study of the aerial photographs. 
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cleaned and excavated to foundation rock. The initial contract covered a 
preliminary stripping of the abutments (1950), the second contract removed 
material to near foundation grade for the abutments (1950-51), the third or 
main dam contract included completion of all excavation work (1951-53). 

Preliminary Stripping, Abutments.—Geologic observations were directed 
toward establishing excavation characteristics in addition to foundation 
properties. 

A study of the cores and “open cuts” indicated that the preliminary exca- 
vation would encounter very erratic rock conditions (Fig. 11). The surface 
mantle and a shallow part of the highly weathered rock would classify as 
“common” excavation (blasting unnecessary) ; however, due to the variable 
nature of this “common” (described under weathering), it was decided that 
all material would be bid as “unclassified” excavation because blasting or 
rooting would be necessary to excavate even the highly weathered rock below 
an average depth of 10 feet. This classification proved wise and satisfactory. 

A surface “lift” of 10 feet was excavated over parts of the abutments 


TABLE V 


ENGINEERING CHARACTERISTICS OF QUARTZ DIORITE 
(Fresh and Altered) 
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TABLE V—Continued 
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without blasting, using either a two and one-half yard power shovel or RD-8& 
“cats” and 12 yard carryalls, after the material had been scarified by a heavy 
duty rooter. Locally, as on the left abutment, rocky ridges required blasting 
from the surface; most of these ridges proved to be underlain by highly 
weathered rock. Successive “lifts” were drilled on a grid with wagon drills 
and jackhammers. The engineering characteristics of each class of quartz 
diorite and their effect on the excavation operations are summarized in 
Table V. 

The initial contract removed an average of 30 feet of material from the 
abutments. After cleaning the preliminary stripped surface it was mapped 
on a scale of 1 inch = 10 feet to show the attitude of all structural features 
and the areal distribution of the weathered-fresh quartz diorite (Fig. 11). 
Additional information was obtained by drilling 222 percussion drill holes 
on 25 foot centers (maximum depth 30 feet). A study of the drill cuttings 
and the performance of the drills aided the subsurface interpretation (Table 
V). From the additional data, a second program of NX diamond drill ex- 
ploration was planned to accumulate information for use in revising the prob- 
able location of foundation grades. 
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Fic. 11. Stage block diagram, right abutment main dam, illustrating excavation 
characteristics of foundation and geologic features. 
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Excavation-Abutments and Channel.—Two limits of excavation were used 
on the plans and specifications for the second excavation contract (Fig. 4). 
The upper limit established by geological data included all rock subject to 
unquestionable removal ; a lower limit indicated the depth to which excavation 
might be necessary. Such a classification allowed the contractor a definite 
minimum quantity of yardage with the final foundation grade decided on the 
basis of the rock exposed. As the bid items were on a separate basis, this 
classification succeeded in reducing the cost of excavating to the upper limit. 

Excavation procedure was similar to the initial contract removing a 10-foot 
“lift” across the entire abutment (Table V gives excavation characteristics, 
Fig. 11 typical rock conditions). The geologist carefully observed the cut- 
tings and action of the percussion drills, discussed drillability with the drillers, 
and noted results of blasting and the removal of the blasted rock. From these 
supplemental data, a decision to remove another 10 foot “lift” was made in- 
stead of relying entirely upon the data from NX drill cores, as this can be 
misleading in certain respects. 

Some drill cores indicated that foundation quality rock should be reached 
at a depth of 30 feet or so; actually excavation disproved this conclusion in 
many instances. This seeming anomaly is explained principally on the basis 
of drill core being interpreted to represent sound rock although broken by an 
occasional weathered joint plane. The field occurrence (in excavation) was 
actually a large residual weathered boulder of sound rock entirely surrounded 
by weathered rock. Other inconsistencies included the change in freshly 
cored rock of a highly or moderately weathered state, which is soft and friable. 
The high natural water content evaporated rapidly after exposure and the 
rock hardened appreciably (similar to air-slacking in open cuts). Core that 
was stored for considerable time was harder and misleading as to the actual 
physical character of the rock in situ. 

Experiences such as these strongly suggest that exploration which is lim- 
ited to small diameter core borings can result in an unreliable opinion of the 
foundation conditions. 

Considerably more material was excavated by the second contract than 
originally anticipated, principally due to the addition of extra yardage not 
previously included and partly because of the variable nature of the foundation 
rock. The right abutment was excavated to near foundation grade except 
for a section at the west end and the Wing Wall fault zone (Figs. 4 and 11). 
The left abutment was considered to be satisfactory except for some weathered 
rock on the edge of the channel (Fig. 4). At this stage, the prime contractor 
for the dam had started work and the final excavation and foundation treat- 
ment was included as an item of the main dam contract. 

After diverting the river, excavation of the hydraulic mining debris filling 
the channel behind the P. G. and E. diversion dam located downstream was 
undertaken by the prime contractor. A 10-foot section of this diversion dam 
was topped-off followed by removal of a 10-foot “lift” of the dewatered chan- 
nel gravels. Gravels were stockpiled for use as pervious fill. This cycle was 
repeated until the channel-filled gravels were removed to hedrock, approximate 
elevation 140 feet. Excavation at this depth disclosed the Channel fault zone, 
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striking roughly normal to the dam axis and dipping 20° NW (Fig. 4). This 
fault contained from a few inches to three feet of very plastic clay and highly 
weathered quartz diorite; severely fractured, but relatively “sound rock,” up 
to 60 feet thick, overlay the fault zone (Fig. 4). 

Some of the NX core borings penetrated the fault zone and no core was 
recovered ; consequently the fractured character of the rock and associated clay 
was not observed. Other NX borings also penetrated the fault zone but 
showed no core loss. After some delay, it was decided to explore the Channel 
fault zone with a series of shafts, adits, and NX core borings. This explora- 
tion, which included the first “man-sized” openings in the excavated abut- 
ments, revealed the fault as a potentially serious structural feature; therefore 
all rock overlying the fault was excavated (Fig. 4) to expose foundation rock 
of unquestionable quality (80,000 cubic yards between stations 293 + 50 and 
296 + 35). 

Exploratory drifts were driven in the fault zone where excavation did not 
“daylight” the Channel fault. A total of 1,700 cubic yards of concrete were 
used to plug the drifts. To stabilize a steep excavated slope of 30 feet be- 
tween the second and final excavation contracts (Fig. 4) rock bolts were used. 
The bolts (14 inch diameter and 14 feet long) are spaced on 5 foot centers (8). 

A feature of the NX sized hole exploration program (Table IV) was the 
use by the Corps of Engineers of the new bore-hole camera (4) developed by 
geologists in the Office of the Chief of Engineers. The camera is lowered into 
the 3 inch diameter hole and the surface of the hole photographed in koda- 
chrome throughout its entire length. The film is projected onto a ground 
glass cylindrical screen for a complete natural scale visual record of the surface 
of the hole. Combined with the drill core and log, the pictures proved a valu- 
able aid in interpreting subsurface conditions. 

On the right abutment, further consideration was given to exploring for 
zones requiring dental treatment. Two 36 inch calyx holes were bored. 
Some additional weathered rock at the west end (block 1) was removed in 
a fault zone (Fig. 4) that was cleaned out. Dental work in the Wing Wall 
fault zone consisted of a dental shaft and the removal of considerable poor 
quality rock from this fractured section. 

Diversion Tunnel.—Four alignments for a diversion tunnel were explored 
by NX cored borings. The first through the left abutment was abandoned 
by reason of its length; the other three were under the right abutment. One 
proved to have unsatisfactory rock, another although through good quality 
rock was abandoned in favor of the constructed alignment which gave superior 
hydraulic characteristics. 

Four NX holes were drilled below invert grade where the alignment 
crossed the right abutment (Fig. 4) ; earlier exploration supplemented these 
borings (Table IV). Between the tunnel invert and crown, the rock cored 
was relatively fresh but severely fractured. The tunnel is directly below the 
Wing Wall fault zone, the footwall being only a short distance above the 
tunnel crown (Fig. 4). 

The tunnel, a modified horseshoe cross-section (23 feet diameter), was 
driven 1,650 feet from inlet to outlet in granitic rock; it traversed an appre- 
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ciable thickness of weathered rock at both portals. Numerous sheet-like zones 
were cross-cut and resulted in considerable overbreak. Although the rock 
was hard, the abundance of joints broke it into blocks 1-5 feet in width. Com- 
monly, after blasting and before the tunnel supports could be placed, blocks 
of rock would begin to “ravel” out of the walls, resulting in overbreak (maxi- 
mum 10 feet). Steel supports were used throughout the entire length, spaced 
on 4, 3, and 2-foot centers. Beneath the main dam, the concrete lining was 
a minimum of three feet thick; the remainder was lined at least nine inches 
thick. Contact grouting (between lining and rock) took approximately 
43,000 cubic feet of grout. After the dam is put in operation, the underlying 
tunnel section will be plugged. 

A particularly troublesome problem developed while facing-up the intake 
portal. A prominent set of joints (spaced 2-5 feet apart) cross the alignment 
at right angles and dipped 45° into the cut. The water-saturated clay “seams” 
filling the joints produced an unstable rock slope. One particular joint plane 
cut the left rib of the tunnel at the spring line and the right side at the gutter. 
Soon after exposing this joint, the weight of the overlying rock caused rock 
creep on the slope. Prompt remedial treatment stabilized the slope. 

Grouting.—Zones too small for “dental” treatment and sections at greater 
depths than the treatment formula required were sealed-off by extensive grout- 
ing of the foundation rock. Most of the grouting operations are conducted 
from the inspection galleries within the dam after concrete is placed to a pre- 
determined height ; primarily a cut-off curtain along the upstream toe and the 
concrete bedrock contact are consolidated, sealing-off underflow to a minimum. 


Left and Right Wing Dams (Earthfill) 


General.—Two earthfill wing dams were necessary at the main dam to 
create the desired reservoir capacity (Fig. 4). Location of the left wing 
(2,057 feet long) and right wing (6,800 feet in length) is shown in Figure 1. 
Approximately 2,000 feet of the extreme right end of the right wing was built 
in 1949-50. After this portion was constructed, it was decided that all earth- 
fill dam foundations should be grouted from the bottom of the core trench. 
This section was grouted later through the earthfill. Original specifications 
required the foundation to be stripped (1-3 feet) of all humus and to expose 
highly weathered undisturbed rock. The core trench was to be excavated to 
firm, weathered quartz diorite. To facilitate grouting, the core trench was 
deepened to expose material which would hold a grout nipple. This proved 
to be weathered rock broken into blocks by fractures that “took” grout. 

Exploration.—Several shallow test pits were excavated in 1945-46 (Table 
IV) to secure soils data. Exploratory cored borings were drilled in both 
wing dam foundations in 1951 (Table IV) to determine: (1) the average 
depth of stripping ; (2) location of “sound rock”; and (3) further knowledge 
of the grouting characteristics using water pressure tests. Subsurface data 
indicated an extremely variable depth of stripping (5 to 20 feet). 

Excavation, Core Trench.—To reduce the overall cost of excavating the 
core trench, slope stakes were set for 20 feet of excavation (4 to 1 slope). 
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Actual excavation ranged from five feet in areas of hard rock to 20 feet in 
some areas of soft, highly weathered rock (average probably 12 feet). 

Water pressure tests gave erratic results (Fig. 6a). Some holes took 
large amounts of water, others took very little, with no regularity to the pat- 
tern (tabulated Table V). Grouting operations detected no correlation be- 
tween the results of water pressure tests and the grout “take.” 

Grouting Procedure.—Grout holes (EX at 14 inch diameter) were drilled 
along the center line of the core trench on the split-spacing method of primary 
holes at 20 foot centers with shallower holes at 10 foot and 5 foot centers (Fig. 
8). Each zone was thoroughly pressure washed with water to remove all 
possible clayey filling of the joint-planes before attempting to grout. The 
stage method of grouting was used; drill and grout the first zone (0-20 feet) 
to refusal, then successively drill and grout each lower zone (20—40 and 40-60) 
but circulate the grout from the top of the hole in each stage. 

Results of the pressure washing were highly erratic. Some holes took no 
initial water; pressure would be uniform for 15 minutes or longer when sud- 
denly the hole would “take” water freely. Thus, with a “tight hole,” it was 
difficult to determine whether to continue applying pressure (anticipating it 
to open”) or to stop. Some holes took water freely, washing considerable 
material out through surface leaks, or interconnected grout holes nearby. 
When actually grouted, many of these same water-consuming holes took little 
or no grout; conversely, some “tight holes” took considerable grout. Opin- 
ions differ regarding the reasons for this inconsistency, with actual proof 
lacking. 

In general, the first zone was highly weathered rock, the second zone was 
highly to moderately weathered, and the third zone (40-60 feet) varied from 
moderately weathered to fresh quartz diorite. The upper two zones caved 
extensively in most holes; grout consumption was relatively high and surface 
leaks common. In order to initially use adequate grouting pressures for the 
lower zone, packers were seated near 40 feet, and the zone was grouted at 
60 pounds per square inch pressure. Later, the holes were completely 
grouted from the surface. 

After grouting a section of the core trench to completion, the exposed 
surface was cleaned and springs and water seeps were sealed-off or treated 
by a method of French draining. Quartz stringers or hydrothermally altered 
zones were cleared out and “broom grouted.” A final study of the grouting 
program was made to determine its adequacy. Treatment of the foundation 
and core trench were observed prior to emplacement of the first lifts of earth- 
fill and these data became part of the foundation report. 

Grouting Results—Highly weathered quartz diorite proved extremely 
difficult to grout satisfactorily. A hole grouted to refusal might later take 
grout freely, even after several refusals. Throughout the middle zone (20-40 
feet), surface leaks and general grout consumption was high. In many holes, 
it was concluded that leaks developed anew in the upper zone in place of the 
grout adequately sealing the middle zone. Various methods and “tricks” of 
grouting procedure were attempted and operations continued until each hole 
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refused to take grout. The most satisfactory consolidation of the foundation 
resulted when the core trench was bottomed in good quality rock. 


Saddle Embankments 5 and 7 


The stripping, core trench and grouting procedure used at the wing dams 
was followed. Profiting from results at the earlier wing dams, core trenches 
were excavated deeper to better quality, weathered, quartz diorite at dike 5. 
Consequently, in general, grout consumption was lower and time consumed 
in grouting was less; everything pointed to an improved grout curtain com- 
pared to the wing dams. Exploration at dike 7 indicated “sound rock” to be 
at a depth of 70 to 100 feet. Quality of the weathered rock exposed in the 
core trench was extremely poor and would not seat a grout packer. In order 
to cope with the rock conditions, a method of circuit grouting was used; the 
grout input pipe extended to the bottom of the hole, and grout circulated back 
to the collar under the required pressures. 


Saddle Embankments 1-4, 6, and Part Right Wing Dam 


As these structures were built before the foundation was grouted, they 
were grouted through the completed earthfill during 1953-54. Otherwise, 
the geologic conditions and data are comparable to the other earthfill dams 
described above. An experimental contract in 1953 established a grouting 
technique to consolidate the concealed foundation; geologic counsel controlled 
the specifications for final grouting. 


Mormon Island Auxiliary Dam (Earthfill) 


General.—The Mormon Island auxiliary dam (Fig. 1) has a crest length 
of 4,875 feet and is 165 feet high at the lowest part of the core trench (Fig. 
8). Topographically, the dam can be divided into two parts; the right end 
(2,042 feet) founded entirely on metamorphic rock is separated from the main 
part of the dam by a low knoll (Fig. 8). 

Exploration.—Pre-construction exploration (Table IV) included 10 drill 
holes through the channel alluvium, two deep shafts, five shallow test pits, and 
bedrock probings furnished by the Natomas Dredge Company. Except for 
one deep shaft, none of the exploration was along the centerline. Metamor- 
phic bedrock was not explored by cored borings. The distribution and thick- 
ness of gravels and overlying sediments blanketing the left abutment are 
shown in Figure 8. After excavating the core trench to bedrock, three NX 
core borings were drilled in the bottom of the core trench (Table IV). These 
cores indicated the upper 50 feet of the foundation rock to be severely frac- 
tured and weathered. 

Excavation Core Trench, Stripping—The right portion was stripped of 
all overburden to blocky but weathered metamorphic rock largely schist. The 
core trench (average 5 feet deep) and foundation were covered with earthfill 
before curtain grouting of the foundation was deemed necessary. 

The abutments of the main part of the auxiliary dam were stripped to 
weathered but blocky schist, with the core trench 5 feet deeper (12 feet wide 
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with 2 to 1 slopes). Some 20 feet of stratified sand, silt, and clay were re- 
moved entirely from the left abutment (Fig. 8). In the “channel section,” 
the undisturbed gravels proved non-uniform; some portions were well ce- 
mented and stable while others were soft and somewhat plastic. To improve 
stability, several feet of undisturbed gravels were stripped from the founda- 
tion area. The disturbed channel gravels were cut back on a gentle slope (1 
to 5) due to an unstable condition caused by an abundance of clay lenses. All 
foundation slopes were adequately compacted by passes with a “cat” before 
placing earthfill. The core trench (50 feet wide) was taken to schist bedrock, 
which through the deepest part of the gravel required a trench in excess of 
60 feet deep. The top of the schist bedrock proved highly weathered and 
required that 5-10 feet of rock be removed. The cleaned trench (channel) 
revealed innumerable springs issuing from the foundation along essentially 
vertical fractures trending at a small angle to the dam axis. Water inflow 
was heavy, and pumping averaged about 3 million gallons a week. The nu- 
merous springs complicated the grouting procedure. 

Grouting.—The grout pattern was that of holes on 5-foot centers to a maxi- 
mum depth of 60 feet (insert Fig. 8). The general procedure followed is 
outlined above (wing dams). Consumption of grout was high in the two 
upper zones, largely due to leakage along fractures at the surface. Packers 
were used to grout the bottom zone with similar results. The initially com- 
pleted grout curtain dried up or shifted outside the core trench a large number 
of the springs. To improve the consolidation of the foundation, all holes were 
regrouted from the surface nipples. 

Several areas of large springs were treated by constructing French drains 
which were grouted after earthfill was placed above the hydrostatic level of 
the water. 

By-Pass, Tunnel, Natomas Canal.°—Nine trenches, to aid in selection of 
the intake and outlet locations for design and contract purposes, were exca- 
vated in October 1949 (Table IV). No cored borings were drilled along the 
alignment to explore the metamorphic rock at tunnel grade (Fig. 8). 

The tunnel (6 X 64 feet) was driven from headings at both portals (2,200 
feet long). The blocky rock with abundant clayey “seams” offered consid- 
erable drilling difficulty, as the drills would stick and plug-up easily in the soft 
material; powder consumption was low. Timbering was necessary as the 
heading progressed ; spiling was driven ahead after blasting to hold the back 
against “raveling.” The rocks are highly broken due to the original bedding, 
foliation, and fracturing (see further description under weathering Amador 
group above). 

Except for 200 feet near the middle of the tunnel, the metamorphic rock 
was extensively weathered and timbering was required. 

Detailed longitudinal and plan sections prepared prior to lining the tunnel 
showed the pertinent structural and physical characterics of the Amador group 
rocks traversed. 

9 A canal serving the downstream area (dredge ponds, and domestic and irrigation water) 
flowed along the left abutment. During construction, it was diverted through the left abut- 


ment. When the Folsom Project is in operation, the tunnel will be plugged and water sup- 
plied the canal from the reservoir by means of a pumphouse. 
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Foundation Maps 


An “as constructed” map of all foundations was prepared prior to back- 
filling as both a permanent record of the structure and for future reference in 
case of maintenance problems. Maps *® where appropriate indicated the fol- 
lowing: (1) type and character of rock; (2) inherent structure and associated 
mineralization; (3) areas of “dental” treatment and depth of backfilling; (4) 
location of all exploration below foundation grade with detailed geologic 
logs; (5) water seeps and treatment; (6) grout holes and grout “take”; and 
(7) other pertinent details at specific locations, i.e., treatment of earthfill 
foundations and soil density of the first lift. 


Earthquake Hazards 


Faults and shear zones of sizeable displacement have been mapped in the 
vicinity of the dam sites (Figs. 2,4, 11). However, no major faults or shear 
zones are known to be present at or in the vicinity of any of the dam sites 
along which recurring movement has been recorded in Recent time, or might 
be anticipated. 


Construction Materials 


Concrete Aggregate-——Extensive investigations including numerous test 
pits (Table IV) and grading tests proved the Intermediate alluvium deposit 
at Mississippi Bar (Figs. 1, 2, 3) to be suitable for concrete aggregate. This 
deposit consists of undredged gravels averaging 20-25 feet thick. 

The main source of concrete aggregate, the Mississippi Bar gravels, is defi- 
cient in 3-6 inch sizes; for a satisfactory blend it was necessary to add coarse 
aggregate from deposits of Old alluvium (Fig. 3) located at higher bench 
levels. 

Deleterious constituents are not present in sufficient quantities to present 
an alkali-reactive aggregate problem; qualitative and physical tests on sample 
concrete proved satisfactory (27). A petrographic description of an average 
sample of Intermediate alluvium gravel is given in Table VI. 

Earthfill, Impervious.—Highly weathered granitic rock occurs extensively 
throughout a large part of the reservoir and at or near all dam sites. Ex- 
haustive studies determined that the highly weathered rock very near the sur- 
face was altered adequately to be usable for impervious fill. Consequently, 
this material was “borrowed” selectively from the widespread deposits located 
near each dam site (Fig. 1). 

Adequate compaction of this material in lifts of 18 inches requires 8-10 
passes of the heavy duty sheepsfoot roller, or 4-6 passes with a 100,000 pound 
4-wheeled pneumatic roller. Best results were realized by spreading 9 inch 
lifts and compacting with 2-3 passes of the pneumatic rollers. 

Although highly weathered granitic rock made satisfactory impervious 
earthfill, several difficulties developed in borrowing and compacting this mate- 


10 For earthfill dams, core trench mapped at 1” = 20 feet, except 600 feet of the Mormon 
Island trench (1”= 10 feet), and foundation mapped at 1”= 100 feet, except at Mormon 
Island (1” = 20 feet). Concrete dam foundation mapped at 1”= 10 feet except few critical 
areas at 1”=5 feet. 
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rial, some geologic in nature: (1) borrow areas were irregular in both plan 
and depth; (2) natural moisture content varied widely depending on the rela- 
tive amount of alteration the rock had undergone; (3) within the same borrow 
area, certain portions could be used for impervious, some for pervious, and 
some was unusable; and (4) extremely rapid wear on the steel “feet” of the 
sheepsfoot rollers and lips of rooter teeth, elevator graders, powered scrapers, 
and power shovel buckets due to the high silica content (“feet” averaged 
4,000 linear feet of rolling). 

Commonly stripping was limited to 2-4 feet because the rock had not been 
weathered sufficiently or boulder-like masses were present. A low natural 
moisture content required that large areas be avoided and locally necessitated 
the addition of considerable water to meet specifications for backfilling. 


TABLE VI 


PETROGRAPHIC COMPOSITION AND PERCENTAGES 
TYPICAL SAMPLE OF CONCRETE AGGREGATE FROM MISSISSIPPI BAR (27) 


Percent 
Gravel Sand 
Name (No. 4-14” sieve) (No. —200 to 8 sieve) 
Quartz 29 56 
Feldspar 11 
Quartzite, v.f.-gr. 11 8 
Aplites 7 6 
Quartzite, c.-gr. 12 3 
Basic igneous, m.-gr. 6 3 
Quartzose slate 5 2 
Meta-volcanics 5 2 
Schistose rock 2 
Hornblende 2 
Acid volcanics 6 1 
Chert 8 1 
Basic volcanics 7 1 
Mica 1 
Granitics 3 
Magnetite trace 
Miscellaneous 1 1 
100 100 


In the vicinity of the Mormon Island auxiliary dam, considerable imper- 
vious material was obtained from borrow pits composed of reworked sedi- 
ments derived from the Mehrten formation. This material was not used in 
other embankments due to an excessive haulage cost. 

Earthfill, Pervious ——Large quantities of acceptable pervious fill material 
were located within reasonable distances of the dam sites. The deposits uti- 
lized included: (1) Stream channel gravels of the American River (log Fig. 
7b) removed from the tailrace section by the prime contractor; (2) Old allu- 
vium of Blue Ravine Channel (log Fig. 7a) ; and (3) highly weathered quartz 
diorite not adequate for impervious fill purposes. The Stream channel gravels 
near the downstream P. G. & E. dam contained a high percentage of fine silt 
and clay and were unacceptable. 

Adequate compaction of the pervious earthfill, gravel, and filter material, 
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placed in the outer zones of the embankments, was accomplished by several 
passes with “cats” and hauling equipment. 

Rip-rap.—Quartz diorite is the most suitable rock for rip-rap in the Fol- 
som area. Large quantities of fresh and slightly weathered rock were exca- 
vated by the Bureau of Reclamation at the power house site and from the tail- 
race channel. This material was used as rip-rap for all sites where specified, 
including Mormon Island (2 x 2 X 2 feet maximum as a 30 inch blanket). 
In addition, rock from the diversion tunnel, and certain portions of the rock 
excavated from the abutments of the main dam, was used. A quarry site for 
rip-rap was explored by several NX diamond drill holes (Table IV), 
upstream from the dam (Fig. 1). Adequate quantities of good rip-rap quality 
rock were blocked-out to supplement the supply of waste rock from the dam 
area, if needed. 


Ground Water 


The position of the water table throughout the wide mature valley of the 
reservoir and at the main dam site is shallow. At the right wing dam, ground 
water seeped into the core trench (5 feet deep) at several places; percolation 
was strongest along fractured quartz stringers. 

Water level soundings in existing diamond drill holes at the main dam site 
were taken periodically during 1946 and again during 1949. The static water 
level averaged 20-50 feet below the surface throughout the outer, mature 
valley but dropped-off sharply near the inner canyon to river level (Fig. 4). 

During dredging operations in Blue Ravine Channel, the water table stood 
at 2-10 feet below the surface. The dredge ponds were “silted up,” and after 
dredging ceased, the water level dropped only a few feet. Consequently, a 
deep drainage canal was used to drain much of the water to South Fork; 
below approximate elevation 360 feet the water was pumped from the channel 
to dewater bedrock in the core trench. 

A small, continuous seepage of water was encountered throughout the 
entire length while driving the Natomas canal by-pass tunnel. A dike of 
hard, fresh gabbro was cross-cut 140 feet from the intake and an appreciable 
quantity of “trapped” water was encountered on the south (hillward) side; 
this flow rapidly drained to unimportant proportions. 


Power Facilities 


The power house * and appurtenant structures are located on the right 
abutment and founded on quartz diorite. To gain additional power head, the 
natural channel was lowered (channel gravels excavated) and the power house 
placed in a deep excavation (Fig. 4) ; the turbines are installed approximately 
100 feet below the original streambed. This resulted in the structure being 
located underground for most part, a plant design with advantages for both 
its maintenance and defense. 


1i Generates 162,000 kilowatts; turbines are 3 Francis type, each 74,000 horsepower ; oper- 
ating head of 300 feet; tailrace is an open channel 16,500 feet in length; afterbay facilities, 
Nimbus Dam with a 15,000 kilowatt generating plant 7 miles downstream. 
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Excavation.—The outstanding geologic features connected with construc- 
tion of the plant are an outgrowth of the deep excavation for both the power 
plant foundation and the relatively deep and lengthy open tailrace channel. 
Three geological problems developed: ** (1) design of slopes to provide for a 
minimum quantity of excavation and to secure satisfactory stability and safety ; 
(2) design and construction of cofferdam protective works in a confined area; 
and (3) treatment of fractures and joints in the east (channel) wall of the 
power plant. 

The maximum open-cut slope is some 250 feet deep. The upper 25 feet 
of highly weathered quartz diorite is on a 1 to 1 slope; the underlying irregu- 
larly weathered and extensively jointed rock is cut on a } to 1 slope while 
the lower 100 feet or more of relatively fresh rock is cut nearly vertical (see 
Table V). The designed excavation slopes proved stable in practice and no 
costly re-excavation was required. 

A rock “ledge” remained between the spillway channel and excavated 
power plant (see Fig. 4 for estimated location). A set of “clayey” seams and 
coated joints dipped from the channel westward into the excavation, thereby 
causing concern. To stabilize the “rib” (on which a gravity retaining wall 
was constructed) numerous dowels were installed from the power house side 
normal to the joint plane. High flood water in the channel subsequently 
superimposed a full hydrostatic load upon the “rib” and gravity wall. Some 
leakage occurred along the joints but no indication of “distress” was evident 
during the time of this loading. 


UNIVERSITY OF ARIZONA, TUCSON AND 
U. S. Corps or ENGINEERS, SAN FRANCISCO, 
June 24, 1954 
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ABSTRACT 


Hydrothermal veins of Tertiary age in the Freeland-Lamartine dis- 
trict, Clear Creek County, Colo., fill long, cymoid-shaped fissures that cut 
granitic rocks and complexly folded Precambrian metasedimentary rocks. 
rhe fissures formed under a regional compressional stress that produced 
a fracture pattern composed of three elements that formed in a distinct se- 
quence. Mineralization took place in two stages during fracturing. 

The first set of fractures developed approximately parallel to north 
northeast-trending axial planes of major Precambrian folds; those frac- 
tures now form the middle segment of the cymoid fissures. Subsequent 
fractures formed at both ends of the early fractures; one set trends east- 
northeast and the final set trends east. The latter fractures cut through 
and locally displace the earlier fractures. 

In the first stage of mineralization, quartz and auriferous pyrite with 
some chalcopyrite and tetrahedrite filled the early fractures, chiefly the 
north-northeast set and adjacent parts of the east-northeast set. In the 
second stage, galena and sphalerite with minor amounts of quartz, pyrite, 
chalcopyrite, tetrahedrite, and carbonate filled the younger fractures near 
the ends of the cymoid structures. Veins formed during the second stage 
of mineralization locally cut the earlier veins in the east-northeast-trending 
segments of the fissures, forming composite ores. 

The veins were deposited in openings and show well-defined hypogene 
zoning—individual veins have a central segment of pyrite-gold ore bounded 
at both extremities by galena-sphalerite ore. 

1 Publication authorized by the Director, U. S. Geological Survey. Presented before the 
Society of Economic Geologists, Toronto meeting, Nov., 1953. This report concerns work 
done on behalf of the U. S. Atomic Energy Commission and is published with permission of the 


Commission 
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INTRODUCTION 


Tue Freeland-Lamartine district, Clear Creek County, Colo., is part of the 
Front Range Mineral Belt (Fig. 1). The Front Range Mineral Belt, as de- 
fined by Lovering and Goddard (5, pl. 2),? is a northeast-trending belt of co- 
extensive veins and porphyry intrusives of Tertiary age. A study of the 
Freeland-Lamartine district was begun in 1952 by the U. S. Geological Survey 
on behalf of the Division of Raw Materials of the U. S. Atomic Energy Com- 
mission. This report presents the results of part of that study. 

The bedrock of the district is composed predominantly of tightly folded 
biotite-rich and granitic gneisses of Precambrian age that were mapped by 
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Fic. 1. Index map showing the location of the Freeland-Lamartine district, Colo. 


Ball (8, pl. 2) as the Idaho Springs formation. During Tertiary time, the 
Precambrian rocks were intruded by porphyritic dikes and sheared to form 
openings that became channelways for ore solutions carrying base-metal sul- 
fides. This paper is concerned only with the formation of the vein fractures 
and their subsequent mineralization. 


REGIONAL STRESS 


In the central part of the Front Range the veins of Tertiary age occupy 
fractures formed under regional shear stress. The direction of the early Ter- 
tiary shear stress, as postulated by Lovering and Goddard (5, Fig. 21), is 


2 Numbers in parentheses refer to Bibliography at end of paper. 
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shown in Figure 1. The general northwest trend of thé Front Range in the 
mineral belt and the directions of the thrust plates along the northeastern and 
southwestern edges of this belt suggest that the regional compressional forces 
causing the regional shear trended about N 60° E. 


FAULTS AND FRACTURES 


In the Freeland-Lamartine district the northwest blocks of vertical to 
north-dipping wrench * faults have moved to the northeast and slightly down- 
ward relative to the southeast blocks. The movement on the faults, as deter- 
mined from offsets of steeply dipping Precambrian rock units and Tertiary 
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Fic. 2. Map of the Freeland-Lamartine district showing vein types and traces of 
axial planes of the major Precambrian folds. 


dikes, is generally less than 20 feet in either apparent horizontal or apparent 
vertical displacement. Some faults cross without noticeable displacement. 
The fractures that have formed under regional stress can be classified into 
three principal sets because of their trends—north-northeast, east-northeast, 
and east. The writer wishes to emphasize here that the division into three 
sets is arbitrary and that the fissures could, perhaps just as well, be grouped 
into two sets—northeast and east. The two sets can be used as well in the 
theory here presented, but the theory is more conveniently presented on the 
basis of three sets. In Figures 2 and 3 these three sets of fractures are indi- 
cated by the veins that occupy them. In Figure 3 the veins have been pro- 


3 Wrench faults are used here as used by Anderson (1) who defines them (p. 15) essen- 
tially as steeply dipping strike-slip faults. 
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jected to a horizontal plane to show the true strike rather than the apparent 
one. 

The axial planes of tight folds trending about N 30° E and prominent 
joints trending east in the Precambrian rocks appear to have influenced the 
localization of the Tertiary fractures. The foliation of the bedrock does not 
form a continuous plane in the Freeland-Lamartine district because the meta- 
sedimentary rocks are highly crumpled and drag-folded. 

















Fic. 3. Traces of major veins projected to 9,500 feet elevation. 


SEQUENCE OF FRACTURING 


The age relations of the fracture sets indicate that the north-northeast frac- 
tures are oldest and were followed first by east-northeast-trending fractures 
and finally by east-trending fractures. The north-northeast fractures, repre- 
sented by the Oneida, Great Western, Lone Tree, New Era, and Freeland 
veins (Fig. 3), formed approximately parallel to axial planes of tight folds 
in the Precambrian bedrock. This feature is particularly noticeable in the 
mine workings along the New Era and Oneida veins where a vein or vein split 
that deviates from the axial plane of the fold tends to “roll out” into the foli 
ation and become a weakly mineralized fracture of no economic significance. 
The parallelism of axial planes of Precambrian folds and the oldest Tertiary 
fractures is also indicated in Figure 2 where traces of both are shown. A 
first failure of the rock by shearing along planes of wéakness trending about 
N 30° E is not surprising, when it is noted that one of the theoretical direc- 
tions for shear failure related to a N 60° E compressional stress is about N 
30° E. Indeed, it would be surprising if the rock had not failed first in shear 
along such favorably located surfaces. 

The east-northeast fractures, represented by the Mendick, Alabama, Crazy 
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Girl, Miller, and Diamond Mountain veins, consistently cut or displace frac- 
tures of the north-northeast set. This relation is seen in many mines of the 
district where these two sets join. It is particularly evident in the workings 
along the Lamartine-Oneida vein where the Oneida vein joins the Lamartine 
vein. The east-northeast fractures have the position of tension fractures re- 
lated to the north-northeast fractures, but the movement on the east-northeast 
fractures has been predominantly by shear. 

Small east-trending fractures cut and locally displace both north-northeast 
and east-northeast fractures in many of the mines of the district. On a larger 
scale the same age relations are indicated by the Mammoth vein (Fig. 3), 
which, as seen in the working along the Oneida vein, definitely cuts through 
the Oneida vein. Other veins of the east-trending set are the Lamartine, 
Crown, Harrisburg, Split, Anchor, Gum Tree, Toledo, Turner, and Avalanche. 
The east-trending fractures may be either tension fractures or preexisting 
joints along which later movement has taken place. As shear movement has 
occurred along these fractures, and as two prominent preshearing joint sets in 
the district trend slightly north of east and slightly south of east, the writer 
prefers the explanation that the east-trending fractures formed by movement 
on preexisting joint surfaces. 


COMBINATION OF THE FRACTURES 


The pattern resulting from the combination of fractures is one that shows 
long, cymoid-shaped * fissures that have a central segment belonging to the 
north-northeast fracture set and ends belonging to the east-northeast or east 
sets. In general, fractures belonging to the younger sets formed principally 
at the ends of the next previous set. Thus north-northeast fractures formed 
approximately parallel to axial planes of folds in the Precambrian bedrock ; 
then east-northeast-trending fractures formed locally at both ends of the north- 
northeast fractures. Finally, east-trending fractures formed at the ends of 
north-northeast or locally at the ends of the east-northeast fractures, probably 
as a result of movement on preexisting joint surfaces. This scheme of com- 
bination of the fractures is illustrated diagrammatically in three frames in the 
top part of Figure 4. 

Newhouse (7) has suggested that such long cymoid structures are not 
simply large examples of small cymoid structures that have helped localize ore 
bodies. The long cymoids have been opened all along their length at some 
time during the development of the fracture system and the deposition of ore. 
The ends of the large cymoid-shaped fissures have approximately the same dip 
as the central segments. If a complete cymoid-shaped fissure had been formed 
by a single break, the movement should have had its principal bearing area 
along the north-northeast fault surfaces and should have formed openings 
along the east-northeast- and east-trending fractures. The north-northeast 
fractures, however, are neither barren nor less strongly mineralized than the 
other fractures. This information considered in conjunction with the data 

4A cymoid curve, as defined by McKinstry (6, p. 315), is a reverse curve in which a line 


swerves from its course and then swings back again, resuming a direction parallel to its former 
course but not in line with it. 
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Fic. 4. Idealized diagrams illustrating development of the fracture pattern 
concurrent with two stages of mineralization. 


previously presented on the sequence of fracturing suggests that the long cy- 
moid structures are not the result of one simple shear but instead represent a 
series of breaks, each fracture in the series having been mineralized at the 
time of opening. The ore deposits along the large cymoid structures were 
localized where less extensive changes in strike and dip created openings along 
each succeeding fracture set as it was formed. 


KIND AND AGE OF VEINS 


The veins of the Freeland-Lamartine district are hydrothermal fissure fill- 
ings. The process of replacement has not been important during the forma- 
tion of the veins. Age determinations by Holmes (4) on pitchblende from 
veins in similar geologic settings from the Central City district (about 5 miles 
northeast of the Freeland-Lamartine district) have indicated that the veins 
are of early Tertiary age. 
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MINERALIZED TYPES OF VEINS 


Veins of two principal types are distinguished on the basis of characteristic 
suites of minerals—pyrite-gold and galena-sphalerite. Where veins of both 
types are found together a third type of vein, containing composite ore, is rec- 
ognized. These vein types have also been recognized by Bastin (2) in his 
study of the Central City district and parts of adjacent districts. 

Veins of the pyrite-gold type contain auriferous pyrite, pyrite, chalcopyrite, 
quartz, minor amounts of tetrahedrite, and traces of galena and sphalerite. 
Veins of the galena-sphalerite type contain argentiferous galena, galena, sphal- 
erite, quartz, carbonate, and minor amounts of pyrite, chalcopyrite, and tetra- 
hedrite. Veins of the composite type contain minerals characteristic of both 
the pyrite-gold and galena-sphalerite types of veins; the minerals belonging 
to the galena-sphalerite vein type fill fractures that cut veins of the pyrite-gold 
type. 

The paragenesis of the primary vein minerals was established from field 
observation and from laboratory studies. This paragenesis, shown in Figure 
5, is similar to that of many mesothermal base-metal sulfide deposits through- 
out the world. 
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Fic. 5. Generalized paragenetic diagram for the primary vein minerals. 
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Although the writer believes that the mineralization has been essentially 
continuous and that the ore solutions have changed with time, it is convenient 
to divide the mineralization into two stages (top frames of Fig. 4, Fig. 5). 
The first solutions deposited pyrite-gold ore, and the later solutions deposited 
galena-sphalerite ore. Composite ore has been formed where the mineral 
suites characteristic of each stage of mineralization locally overlap. Transi- 
tion from pyrite-gold through composite to galena-sphalerite ore is gradual; 
therefore, no definite line can be drawn to indicate the exact limit of the com- 
posite veins. The amount of composite ore is small, and most of the veins in 
the district clearly contain either the pyrite-gold or galena-sphalerite type of 
ore. In Figure 2, the veins are shown as two main types; the composite type 
of ore occurs for a short distance on either side of each junction of a pyrite- 
gold vein with a galena-sphalerite vein. 


LONGITUDINAL ZONING OF VEINS 


Longitudinal zoning is used in this paper to refer to zoning along a single 
vein. Zoning in the horizontal direction away from a vein, or zoning in the 
horizontal direction involving several veins, is weak to nonexistent as com- 
pared with the classic zoning at Butte or with Emmons’ (3, p. 194-196) 
“onionskin” model. 

In the Freeland-Lamartine district, veins of the pyrite-gold type are con- 
fined to the north-northeast fractures and adjacent parts of the east-northeast 
fractures. These veins, where present, are thus confined to the central parts 
of the cymoid-shaped curves. Veins of the galena-sphalerite type are found 
principally in the east-trending fractures and adjacent parts of the east- 
northeast-trending fractures and thus form the ends of the cymoid structures. 
The composite type of ore is principally in the east-northeast fractures. This 
ideal distribution resulting in a hypogene zoning along the cymoid structures 
is shown in the bottom frame of Figure 4. 

The developed pattern shows zoning along the strike of a cymoid-shaped 
vein system. In the Freeland group of veins the pattern of longitudinal zon 
ing approaches the ideal. In the Lamartine group of veins, the pattern of 
longitudinal zoning is well developed. In the Lone Tree group of veins this 
pattern is weakly developed. The deviations from the ideal zoning shown by 
the Lamartine and Lone Tree groups of veins are probably related to vertical 
zoning. 


VERTICAL ZONING OF VEINS 


Mine descriptions and production records from some of the mines in the 
Freeland-Lamartine district and Spurr’s (8) descriptions of other districts in 
the Georgetown quadrangle indicate the presence or vertical zoning along 
some of the veins. Information on vertical zoning in the Freeland-Lamartine 
district is scarce inasmuch as most of the mines in the district are shallow. In 
the Freeland vein, galena was encountered “in bunches” (8, p. 329) near the 
surface, but none was found at depth in the mine. Some good zinc ore has 
been reported from shallow stopes on the Oneida vein, but only traces of 
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sphalerite are present in the lower workings. These data suggest that vertical 
zoning is present in the Freeland and Lamartine mines. Less data are avail- 
able for the Lone Tree vein than for the Freeland and Lamartine veins. Some 
gold ore was produced from the area along the vein indicated in Figure 2 as 
a pyrite-gold vein; galena-sphalerite ore occurs on the northeast extremity of 
the Lone Tree cymoid and was mined from the southwest extremity. Al- 
though other parts of the vein are opened up to a limited extent by under- 
ground workings, the data from them are inconclusive as to vein type. The 
writer has therefore deliberately classified the questionable parts of the vein 
as galena-sphalerite type (in the manner most unfavorable to his hypothesis) 
in order to reduce any tendency he might have to make the facts fit the hy- 
pothesis rather than the hypothesis the facts. Although data are incomplete, 
it can be inferred that the shallow workings of the Lone Tree mine have ex- 
posed only the top of the pyrite-gold zone. An alternative explanation is that 
much of the north-northeast-trending part of the Lone Tree cymoid actually 
is of the pyrite-gold type but is too low in grade to mine. 

Zoning expressed along the trace of a vein (as shown on Fig. 2) is de- 
pendent upon the manner in which an original pattern has been exposed by 
erosion. The ideal pattern would be developed only where erosion has cut 
deep enough to expose fully the pyrite-gold “core” of the first stage of min- 
eralization. Erosion insufficient to expose this “core” would result in galena- 
sphalerite ore appearing along the trace of a vein where pyrite-gold ore should 
appear in the ideal pattern. 


SUMMARY 


The veins of the Freeland-Lamartine district show zoning both laterally 
and vertically along a single vein or vein group. The geographic pattern of 
this zoning is somewhat rectilinear along the trace of each vein in contrast to 
the type of zoning common in many districts—a subcircular “onionskin” pat- 
tern involving several veins. The zoning in the Freeland-Lamartine district 
is believed to be the result of periodic fracturing accompanied by mineraliza- 
tion as illustrated in Figure 4. Early solutions deposited pyrite-gold ore in 
the earlier fractures—predominantly in the fractures that formed approxi- 
mately parallel to axial planes of folds in the Precambrian bedrock but alsa 
to a limited extent in the east-northeast-trending fractures. These early ore- 
bearing solutions probably deposited pyrite-gold below and galena-sphalerite 
above. Slightly later solutions deposited ore of the galena-sphalerite type in 
the younger fractures, which formed at the ends of the older fractures. The 
composite type of ore is found where younger fractures, containing minerals 
deposited by the later solutions, cut through the older pyrite-gold vein. The 
ideal expression of this combination of processes is a long, cymoid-shaped vein 
containing pyrite-gold ore in the center of the cymoid, composite ore along 
the curving part of the cymoid, and galena-sphalerite ore at the extremities 
of the cymoid. 

This ideal distribution is exhibited by the Freeland group of veins. The 
Lamartine vein group exhibits a nearly ideal distribution, and the deviation 
from the ideal may be a result of vertical zoning combined with erosion. The 
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Lone Tree vein group has the least ideal distribution; but, perhaps, signifi- 
cantly, it is the most poorly exposed of the three vein groups having cymoid 
structures. Even so, the distribution seen along the trace of the Lone Tree 
vein group can be explained by vertical zoning and erosion. 


U. S. GEoLocicaL SuRVEY, 
DENVER FEDERAL CENTER, 
DENVER, COLO., 
Aug. 12, 1954 
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GEOLOGICAL IMPLICATIONS OF AN INDIRECT METHOD FOR 
MAPPING REGIONAL FOLDS IN ARCHEAN ROCKS 


W. H. GROSS 


ABSTRACT 

Regional fold patterns in PreCambrian rocks, particularly Archean, 
are usually difficult to outline by direct geological mapping techniques. 
Resorting to an indirect approach, it is believed that a broad picture of the 
folds in a district can be obtained by making use of the secondary rock 
foliations and bedding remnants, combined with a study of the outline 
and distribution of plutonic rocks. j 

To illustrate how the method works and to demonstrate some con- 
clusions that may be drawn from its application, a 10,000 square mile 
section of more-or-less typical Archean from Northwestern Ontario is 
analyzed. A number of “possible folds” are outlined, which trend in two 
directions approximately at right angles to one another. This cross-fold 
pattern is widespread in Northwestern Ontario (as it is in other parts 
of the Canadian Shield) and cross-folding may be a fundamental structure 
of the region. There is evidence to suggest that both members of the 
cross-folds were formed contemporaneously, which is what might be ex- 
pected at the roots of mountains formed by compression in the crust. 

There is a tendency for mineral deposits to be concentrated in cross- 
folded zones, so that the method of plotting folds may be useful in locating 
areas for detailed prospecting. 


INTRODUCTION 


Fovp structures are usually difficult to outline in Archean rocks for the follow- 
ing reasons: 


1. The bedding attitudes and facings are commonly obliterated by meta- 
morphism. 

2. The intrusion of vast quantities of plutonic rock has disrupted and 
disconnected the remnant belts of folded lava and sediment. 

3. The fold structures are generally complex. 


As a result of these difficulties, it is not uncommon to see the smaller 
scale (e.g., 1 mile to the inch) geological maps of Archean areas devoid of 
fold data. It may be said that geologists all too often resort to indirect or 
“armchair” techniques to resolve deficiencies in structural information when 
all that is needed, in reality, is more extensive and detailed geological mapping. 
On the other hand, it is seldom possible or practical to do detailed field work 
over large areas and, besides, there may be insufficient primary data left 
in the rocks to make detailed work worthwhile. Therefore, if we are to 
broaden our structural knowledge and reach a better understanding of the 
tectonic history of the Archean rocks, which comprise such a large part of 
the continental platforms, we will likely have to resort to indirect geological 
techniques such as the one described here. 
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This method, of course, is not a substitute for field work. It is only a re- 
interpretation of field data and it must be emphasized that in order to make 
the method tractable, geological base maps must be available. 


GENERAL 


The method for mapping regional folds, as described in this paper, is 
based on two assumptions: first, that secondary rock foliations, which are 
ubiquitous structures in Archean rocks, may oftentimes be used to plot the 
general trend of fold axial planes; and second, that the trace of the fold axial 
planes can be placed on the surface, and anticlines can be distinguished from 
synclines by analyzing the distribution of both large and small intrusive bodies. 


USE OF ROCK FOLIATION 


Schistosity, also called axial-plane foliation or flow cleavage, is a wide- 
spread secondary structure that has developed to a considerable extent in the 
folded and metamorphosed rocks of the Archean. Many geologists follow the in- 
terpretation that schistosity is formed by recrystallization during folding so 
that the newly-formed, platy minerals give the rock a foliation that is roughly 
parallel to the axial plane of the fold (3). If such were the case, and be- 
cause of its widespread occurrence, we could immediately determine the 
trend of the regional fold axial planes by merely following the strike of the 
schistosity. The remaining problem would be to fix the position of the 
axial plane on the surface and then to determine whether it represents an 
anticline or syncline. 

Unfortunately, there appear to be snags to this simple interpretation. 
In the first place, as pointed out by Swanson (6), it can be expected that 
anomalies would arise in the angular relations of schistosity and fold-axial 
planes where the rocks have been complexly folded or where they have been 
deformed by two or more periods of folding. In the second place, it may be 
impossible to distinguish in the field between schistosity and any other type 
of foliation in the rocks such as fault shears, or intrusive contacts shears. In 
this regard, it is a sad fact that many geologists make no attempt to distinguish 
between various types of rock foliation, and the word “schistosity” is often 
used as a sack term to include them all. For these reasons, in spite of their 
widespread occurrence, it would appear that there is no simple way that rock 
foliations can be used as a guide to outlining fold axial planes. 

On the other hand, we may avoid the unsettled theoretical problems 
of the genesis of rock foliations, as well as possible errors made in the 
field in the identification of the various foliation types, by making a statistical 
study of the attitudes of foliation planes, bedding remnants and axial planes 
of folds to determine if there is any consistent angular relation between 
them in any particular district. If there is no consistent relationship be- 
tween these features then we have gained nothing; if there is some fairly 
obvious empirical relationship then we may be able to use it to extend and 
enlarge upon the known fold data. 
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Field Example.—To illustrate how the technique may be applied, a 10,000 
square mile section of more-or-less typical Archean from the Eagle-Straw 
Lake area of Northwestern Ontario has been analyzed. The oldest rocks 
in the area, known as Keewatin, are predominately volcanic and they are 
overlain by rocks classified as Timiskaming, which are mainly sedimentary. 
The lavas and sediments have been complexly folded and cut by granitic 
intrusives, called Algoman, which bring to a close the Archean Era. Objec- 
tions may be taken to this simple picture of the geology. For example, there 
is possibly a period of intrusion (Laurentian) between the Keewatin and 
Timiskaming. Furthermore, much of the rock mapped as Algoman is a 
complex assemblage of gneiss, some of which is likely sedimentary in origin 
and pre-Keewatin in age. This brings us to unresolved problems that have 
been discussed by geologists in this area for over half_a century (4). The 
point is, however, that Archean rocks, other than intrusives, wherever they 
occur are normally foliated and tightly folded. The question arising is 
whether a technique that is independent of unsettled problems of correlation 
and might have, therefore, a broad and general application, can be developed 
to outline the regional fold picture. 

Figure 1 has been prepared to show the relation between the foliation 
planes, bedding, and axial planes of major folds in the Eagle-Straw Lake 
area. The structural data shown on this figure were taken from a number 
of geological maps published by the Ontario Department of Mines. In 
reducing the size of the map area for publication, many of the numerous field 
observations for both bedding and foliation had to be omitted. Nevertheless, 
comparing parts “A” and “B” of Figure 1 it is evident that the foliation in 
the rocks is approximately parallel to the bedding. The dips of both struc- 
tures are steep and were not plotted for the sake of simplicity. 

All of the known major folds that were outlined by the direct evidence 
from field data are also plotted on Figure 1. The steeply dipping beds 
indicate intense folding, and yet the paucity of axial plane determinations is 
evident and strongly indicates the need for an indirect method of extending 
the fold information. It will be noted from Figure 1 that both the bedding 
and schistosity symbols are parallel to the axial planes of the known folds. 
This observation suggests that the rocks have been tightly folded so that 
bedding, foliation, and axial planes of folds are all more-or-less parallel. 
Similar work in other areas of the Archean in Canada show that parallelism 
between these features is common and widespread. 

It may be argued that in order to manifest parallelism between foliation, 
bedding and axial planes of folds on such a reduced scale, there has been 
some selection of data from the original government geological maps. Or 
it might be suggested that such a broad relationship between bedding and 
foliation would vanish on maps of a larger scale or around structurally 
complex areas. Certainly cases can be found locally where bedding and folia- 
tion lie at an angle to one another. However, to demonstrate further that 
parallelism between foliation and bedding planes is real, and that it commonly 
exists under complex conditions, seventy-four bedding observations and a like 
number of foliation readings have been taken from an arcuate strip of country 
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two miles long and one-half mile wide that follows around an irregular con- 
tact of a batholith in the Eagle Lake area (5) and they have been plotted (1) 
on an equal area projection (Fig. 2). A glance at the projection will be suf- 
ficient to show that there is a striking similarity in the attitude of bedding 
and foliation around the batholith contact. The plan from which the struc- 
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tural observations were taken, of course, shows the same similarity between 
these features and is not included. 

It is concluded from the above that the lavas and sediments located in the 
study area have been isoclinally folded so that the foliation, bedding and axial 
planes of folds are approximately parallel. If this is acceptable then it can 
be seen that a number of new axial-plane trends could be affixed to Figure 1. 
However, it remains to find a method of placing these trends on the surface 
and then to determine whether they represent anticlines or synclines. 

Use of Intrusives—In the absence of sufficient field observations on bed- 
ding attitudes and facings, no unique solutions for determining the position 
of anticlines and synclines are possible. However, it has been observed by 
many geologists that intrusive rocks commonly are more abundant in axial 
plane areas than on the limbs of folds. If such a relationship could be estab- 
lished for the area under consideration, then the study of the distribution of 
plutonic rocks would assist in placing in position on the earth’s surface the 
axial plane trends that could be outlined by the foliation and bedding infor- 
mation obtained above. 

Dikes.—The Archean rocks were deeply buried during folding and intru- 
sion and it is believed that the folding exerted a far greater control on the 
location of intrusives than perhaps is generally realized. To illustrate this 
point, Figure 3 has been prepared to show a section through some diamond- 
bore holes that were drilled on a property in the Red Lake gold camp.* This 
drilling was designed to cut through the axial plane area of a steeply plunging 
syncline, and also through the associated drag folds on one of its limbs. It 
can be seen from the graph that there is 100 percent intrusive in the axial plane 
area of the main syncline. On the limbs, the proportion of intrusive has 
greatly decreased although there are fairly prominent nodes on the graph in 
the vicinity of drag folds associated with the main structure. It is suggested 


1 Located 90 miles north of the study area and underlain by similar geological formations. 
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that this example illustrates the rather delicate control that folding may have, 
at times, on the intrusion of dike material into Archean rocks. 

Another example that compares the volume of intrusive to fold axes, but 
taken on a much grander scale, is shown on Figure 4.” 

The plan view, Figure 4, shows the location of drill holes from which data 
on quantity of intrusive were projected onto the section A. B. It can be seen 
from the graph that, apart from location “C,” the fold positions as mapped 
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in the field agree well with the areas where there has been an increase in the 
quantity of intrusion. There appears to be no characteristic difference in the 
quantity of intrusive in the anticlines as compared to synclines. The anomaly 
at “C” suggests that the sediments in that location have been mechanically 
unfavorable for intrusion as it is noted that the quantity of plutonic rock in 
the region decreases more-or-less sharply at the boundary of the sedimentary 
trough. The anomaly also illustrates, of course, that fixing the position of 
folds by analysis of the relative quantities of dike intrusive, although perhaps 
helpful, is by no means foolproof. 


2 Data supplied by E. O. Chisholm, Prospectors Airways, Toronto. 
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Most of the dikes in this area have been intruded into the country rock so 
that they are parallel to the foliation (and bedding), which indicates that the 
folds were essentially isoclinal, or in other words, that the folding and foli- 
ation development were either completed, or near completion, at the time of 
intrusion. If this means that intrusion was independent of, and later than, 
the folding, then there should be little in the way of a quantitative selection of 
dikes into the steep-dipping and foliated rock, for it would appear that one 
part would be as favorable for intrusion as any other. However, the observa- 
tion has been made that dikes commonly favor axial-plane areas. The me- 
chanics of folding and intrusion that give rise to this relationship are not 
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clear but it may be fair to conclude that there is a close genetic connection 
between folding and intrusion, at least in this area of the Archean. 

Batholiths—Referring again to Figure 1, it can be seen that foliation and 
bedding planes are not only parallel to one another but that, in the main and 
on a regional scale, they are also parallel to batholith contacts. Furthermore, 
this parallelism often holds good in detail as was shown earlier from Eagle 
Lake, Figure 2. If the foliation alone were parallel to the contacts it could 
be ascribed to contact shearing developed during forceful or active intrusion 
of the batholith magmas. But as there is a widespread parallelism between 
foliation, bedding, fold axial planes and contacts, which seems more than 
fortuitous, it may be concluded that there is a close connection between fold- 
ing and the emplacement of major intrusives in the same way as was described 
above for the minor intrusives or dikes. 
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If there is consanguinity between folding and intrusion, then clues to the 
regional fold picture may be found not only in the disposition of the lava- 
sediment belts in the granitic rocks but also in the configuration of their con- 
tact. For a long time the lava-sediment (greenstone) belts in this section 
of the Archean have been described as synclines but a glance at Figure 1 will 
show that the structure of the “belts” is much more complicated than that. 
For example, Figure 1 shows that embayments of lava-sediment into the 
granitic rocks indicate the position of a major syncline in at least two places. 
It is considered reasonable, in the face of the arguments presented above and 
also the impossibility of having a syncline without a corresponding anticline, 
that the parallel and adjacent extensions of granitic rock into the lava-sediment 
belts occur in anticlinal positions. 


STRUCTURAL SIGNIFICANCE OF THE TECHNIQUE AS APPLIED 
TO THE SAMPLE AREA 


Applying the technique to the Eagle-Straw Lake area it is found that a 
number of possible folds come to light as shown on Figure 5. Distinction 
has been made on the figure between folds that were actually mapped or sug- 
gested by field geologists and those assumed to be present by this analysis. 

It can be seen from Figure 5 that a pattern of cross-folds has evolved 
whose axial planes strike roughly N-S and E-W. The reader may argue that 
a pattern of some kind is bound to evolve by the application of the method 
but that they may have little basis in fact. Apart froni the theoretical evi- 
dence presented in the body of the paper, there are other factors that help to 
justify the location of these folds. In the first place, some of the assumed 
folds shown on Fig. 5 have already been suggested by government geologists 
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but, through lack of direct evidence and as a result of a proper conservatism, 
they have not been included on published maps (8). In the second place, if 
this fold pattern exists at all there is no reason why it should be restricted to 
the comparatively small area studied. Therefore, a small-scale compilation 
of all the known fold structures was made for an area of 50,000 square miles 
around the Eagle-Straw Lake area. The map (7) is too large and detailed 
to include here and only a small section of it, in the vicinity of Kenora, is 
shown on Figure 5. Examination of the large compilation shows that the 
cross-fold pattern is widespread (Kenora area, Fig. 5) although it is true that 
in some districts the folding occurs in one direction whereas in others it occurs 
at right angles to the first. Nevertheless, the two-direction fold pattern was 
found to exist over a vast region in the Archean of Northwestern Ontario, 
and thus helps to substantiate the more detailed picture of cross folding re- 
sulting from the analysis. 

That regional folds occur in at least two principal directions in the test 
area cannot be denied; only the details of the pattern as shown on Figure 5 
may be open to question. A number of probable fold axes that are shown 
on the figure were deliberately extended through the granitic areas as it has 
been shown earlier that there is a close connection between folding and the 
emplacement of the granitic material. This connection is independent of 
whether the granitic rocks are plutonic and younger or granitized sediments 
and older than the country rock. In other words the granitic material is 
interpreted to lie in structural highs whereas the country rock, lavas and sedi- 
ments, in this case, lie in the structural lows. The interesting point is that a 
section across either system of folds which include the intervening granitic 
rock would be the same and, assuming that the granitic rock is not a multiple 
intrusive, the identical cross sections suggest that both members of the cross- 
fold system were formed at the same time. 

Cross-folds are recognized to occur in many of the Archean areas of Can- 
ada but the individual members are usually ascribed to separate orogenic dis- 
turbances.* On the other hand, if the Archean represents the roots of ancient 
mountain chains and if mountains are formed by compression in the earth’s 
crust, then simultaneous folding in two directions at right angles is mechani- 
cally possible particularly if the rocks were somewhat plastic due to the pres- 
ence of a high proportion of granitic material. 


ECONOMIC SIGNIFICANCE OF THE TECHNIQUE AS APPLIED 
TO THE SAMPLE AREA 


A large number of gold deposits occur in the test area as shown on Figure 
6. A rough weight is given to the deposits by indicating whether they have 
produced gold, whether only underground development was done, or whether 
they are merely raw prospects. 

The essence of prospecting is to confine detailed exploration to relatively 
small areas considered most favorable for the occurrence of ore. Figure 6 

3 See Henderson (Yellowknife), Cooke (Sudbury), Dunbar (Porcupine), Derry et al. 


(Matachewan), etc. Structural Geology of Canadian Ore Deposits, C.I.M.M. Jubilee Volume 
1948. 
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shows that about three-fourths of the known deposits are located within a 
mile of the granitic contacts. This observation was known early in the history 
of the area and it enabled prospectors to concentrate their work near con- 
tacts. In other words, by prospecting about 10 percent of the country they 
would have the chance of finding about three-fourths of the deposits. Fur- 
thermore, many of the deposits not only occur near granitic contacts but also 
are related to the cross-folds suggested by this analysis. The explanation 
would seem to be that rocks are more disturbed and broken up in the vicinity 
of cross-folds so that ore solutions can move through them more readily. 
Therefore, the application of the fold-location technique described in this paper 
may help the prospector eliminate many miles of contact. If we were to pros- 
pect only in contact-cross-fold zones, he would have to work over about 1 
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percent of the area with a chance of finding about two-thirds of the known 
deposits. 

Unfortunately not all of the contact-cross-fold areas shown on Figure 6 
house mineral deposits. An explanation of this lack of ore could be apparent 
(deposits not yet discovered) or it could have some fundamental geological 
reason. 

If it is assumed, as it usually is, that the ore-bearing solutions come from 
the granitic areas (either due to cooling of magma or heating up of sediments), 
then the lack of ore could be due to the inability of valuable components to be- 
come concentrated and flow out of the granitic rock into cross-fold zones. 

A technique has been developed to determine the direction of flow of solu- 
tions within the granitic rocks (2). The method depends on analyzing sam- 
ples, taken over the surface of the granitic rock, for products such as silica or 
the radioactive elements, etc., that either crystallize late from a cooling magma 
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or go into solution early in a pile of sediments that is being heated. The direc- 
tion of flow is indicated by the piling up or increase in quantity of these ele- 
ments within the granitic rock. For example, in nine cases examined there 
was found to be a build up of silica or the radioactive elements in the vicinity 
of ore. This build up occurred around ore deposits housed either inside or 
outside of the granitic rocks and was associated with granitic rocks with defi- 
nite intrusive characteristics as well as with concordant granitic gneisses of 
sedimentary origin and therefore the method would seem to have an exceed- 
ingly broad application. No flow directions were detected for granitic rocks 
that have no ore associated with them. It is suggested that areas to be pros- 
pected in detail can be cut down still further by analyzing the granitic bodies 
for their flow characteristics and prospecting only those cross-fold zones that 
are associated with flow in the nearby granitic rocks. - 

The reader may criticize this analysis by saying that the Eagle-Straw Lake 
area has been well prospected and that there is little use working it over again. 
There are three answers to this criticism. In the first place, the principles of 
the method can be applied elsewhere. In the second place, ore is still being 
found in the more accessible and “well prospected” areas of the Canadian 
Shield, as testified by the recent discoveries in the Manitouwadge district. In 
the third place, Canadian geologists are now beginning to work over the so- 
called granitic areas, many of which, as already pointed out, are sedimentary 
gneiss. Some startling discoveries are being made in these areas hitherto 
described as unfavorable. It is believed that a combination of the flow tech- 
nique and the method of projecting folds (possibly with the aid of aerial 
photographs which oftentimes show foliation trends) may be a useful guide to 
prospecting these granite-gneiss localities. 


CONCLUSIONS 


1. Geologists often and unwittingly interpret schistosity as being parallel to 
bedding. Such an interpretation may be in error. However, in the tightly- 
folded rocks of the Archean it is commonly found that foliations (generally 
schistosity but may include others) are parallel to both bedding and the axial 
planes of folds. If such a parallelism can be established in an area then the 
strike of the omnipresent foliations may be used to fix trends of fold axial 
planes. 

2. Dike intrusives may favor axial plane areas rather than limbs of folds. 
The position of axial planes may be fixed by determining the position of the 
greatest quantity of dike material intruding the country rock. 

3. The use of (1) and (2) above may fix the position of fold axial planes 
but it does not indicate whether the folds are synclinal or anticlinal. Embay- 
ments of country rock into the body of major intrusives commonly indicate 
the position of synclines; adjacent embayments of a major intrusive into the 
country rock is interpreted to indicate the positions of the corresponding 
anticlines. 

4. Applying the method to the Eagle-Straw Lake area it was found that 
the rocks are complexly cross-folded. Cross-folds are common and wide- 
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spread structures in the Archean of Northwestern Ontario and they are be- 
lieved to be a fundamental structure of these rocks. 

5. Both members of the cross-fold system are believed to have formed 
contemporaneously due to compression deep within the earth’s crust. 

6. The junctions of cross-folds are common locations for mineral concen- 
trations. Cross-folds are generally difficult to locate by normal mapping 
methods. The indirect mapping method described above is useful for locating 
cross-folds and, therefore, it may have an application in locating areas for 
detailed prospecting. 
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A MODIFIED CLASSIFICATION OF ECONOMIC DEPOSITS 
MITCHELL A. LIGHT 


ABSTRACT 


In the proposed classification certain modifications are made in that of 
Bateman (2),1 which relate it more closely to the rock cycle. It is a 
classification based on geochemical and petrologic concepts. Considera- 
tion is also given to the morphological characteristics such as structure, 
texture, and composition, as well as to the genetic relationships. 

Economic geology deals with the upper part of the lithosphere. Here 
the processes of differentiation and recombination form the various rocks, 
some of which have economically valuable constituents. In this work 
rocks have been divided on the basis of their position at the time of for- 
mation, in relationship to the upper geospheres of the earth. If the rock 
or the valuable constituents of a rock are formed solely within the upper- 
most lithosphere it is endogenic in nature and belongs to the endogenic or 
major cycle. Those rocks that are formed by the involvement of the 
uppermost lithosphere with the atmosphere, hydrosphere or biosphere are 
exogenic in nature and belong to the exogenic or minor cycle. 

The endogenic cycle is subdivided into the magmatic (early and late), 
contact metasomatic, pegmatite, hydrothermal (cavity filling, meta- 
somatic), metamorphic, and granitization deposits. The exogenic cycle 
is subdivided into surficial volcanic emanations, soils, water supply or 
resistate, hydrolyzate, oxidate, precipitate, evaporate, oxidation with super- 
gene enrichment and biolith (reduzate and incombustible). 


A MODIFIED CLASSIFICATION OF ECONOMIC DEPOSITS 


A SATISFACTORY classification of economic deposits should tie in closely with 
petrology. Attempts have been made to develop such a classification stressing 
the genetic relationship and these have been the most successful to date. The 
major problem that must be resolved is in connection with relating economic 
deposits to the classification of igneous, sedimentary and metamorphic rocks. 
Unfortunately economic deposits transcend the bounds of this rock classifica- 
tion in many places. Of course, this weakness lies in the rock classification 
and not in the real relationships that exist between the valuable and non- 
valuable materials. 

As progress has been made in our knowledge of economic deposits, it has 
been necessary to develop new systems of classification. A classification is 
needed that is flexible enough to include each new accumulation of knowledge 
in the field. An ideal example of this is the periodic table conceived by 
Mendelejeff which has remained valid, with modification well into the atomic 
age. This study is directed toward making such a flexible classification of 
economic deposits possible. 

A classification stressing genetic relationships and eliminating morphology 
entirely, however laudable, is not possible for economic deposits without more 


1 Numbers in parentheses refer to References at end of paper. 
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information than is now available. The present study relates economic de- 
posits to petrology by means of geochemical terminology. 

An effective means of classifying economic deposits in order to minimize 
confusion is to consider pertinent morphological characteristics as well as ge- 
netic relationships. The term morphology is used in the sense of Goethe as 
Joffe (8, p. 41) states. 


Morphology is not a science; it is an aid to science, one of the methods used in 
scientific investigations. In a way, it is an art which requires keen observation 
and ability to describe and record in words and drawings an object studied. The 
primary aim of morphology is description. 

For example, it may be shown that one pegmatite is hydrothermal and 
another of late magmatic origin. A strictly genetic classification placing peg- 
matites in either hydrothermal or late magmatic classes would be incorrect. 
The best solution to such a classification problem is to use a system combining 
genetic and morphological factors. In so doing the above problem can be 
resolved as follows. Both pegmatites are endogenic in nature. From this 
point they are genetically dissimilar. Morphologically the two pegmatites are 
similar in that they are made up of coarse crystals. They also may be com- 
posed of the same minerals. Thus pegmatites can stand alone and should be 
classed by themselves. 

No attempt to formulate a completely new rock classification is made here. 
However, geochemical and petrologic concepts are brought together to estab- 
lish a basis on which to work. At first thought this may.seem to complicate 
further the problem of classification, but once the terminology and concepts 
are established in the student’s mind, the petrologic break between the valuable 
and non-valuable deposits should become less formidable. 

A. M. Bateman (2) discussed briefly those classifications of Schneiderholm 
and Irving that have the necessary genetic relationships with the rock cycle 
but lack certain morphological coherence. The Irving classification (8) 
came into being as a result of the significant advance in the knowledge of re- 
placement. This is reflected by the attention replacement is given there. 
With certain modifications, the usefulness of these classifications would be 
considerably increased. The classification of Bateman (2) is of real value to 
a practicing geologist but is somewhat vague in relating economic deposits to 
the rock cycle. The present classification is in part an attempt to relate the 
Bateman classification more closely to the rock cycle. 

A sound beginning can be made by considering the total chemical differ- 
entiation and crystallization of material in the upper part of the lithosphere 
and outer geospheres. In economic geology we are interested in the upper- 
most part of the lithosphere. As the various forms of matter differentiate or 
recombine they become the various rocks, some having economically valuable 
constituents. 

It has been found convenient to utilize the terms exogene and endogene 
as primary divisions in the proposed classification. Certain modifications are 
necessary in the present applications of endogene and exogene concepts to 
petrology. As Grabau (7) uses these terms, too much of the rock cycle is 
included in the endogenetic phase and some overlapping occurs in both phases. 
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According to him the exogenetic rocks are the clastics including those derived 
from igneous and sedimentary activity, while the endogenetic rocks are those 
derived from chemical activity. Actually, clastic rocks which undergo di- 
agenesis are subjected to some chemical activity. 

It is better to divide rocks on the basis of their position at the time of 
formation in relationship to the outer geospheres of the earth. If the rock was 
formed solely within the uppermost lithosphere, it is endogenic in nature. If 
the rock was formed by the involvement of the uppermost lithosphere with the 
outer geospheres (atmosphere, biosphere, and hydrosphere) and this involve- 
ment is basically manifest, then the rock is exogenic in nature. Combining 
the above concepts with the terminology of Goldschmidt (4, 5, 6), somewhat 
modified by Rankama and Sahama (10), the term major cycle may be used 
to denote the endogenic cycle which refers to those rocks formed solely in the 
uppermost lithosphere. Likewise, the minor cycle might denote the exogenic 
phase which covers those rocks formed by the interaction of the uppermost 
lithosphere with the outer geospheres. 


TABLE I 
Tue Deposits oF THE ENpoGENIcC (Major) CyYcLe 


1. Magmatic 
Early 
Late 
. Contact Metasomatism 
. Pegmatite 
. Hydrothermal 
Cavity Filling 
Metasomatism 
. Metamorphic 
Granitization 


& wd 


wn 


A simple listing of the groups into which the endogenic or major cycle 
deposits can be divided are given in Table I. 

The crystallization and differentiation of magmas result in igneous rocks. 
Within these rocks there occur occasional concentrations of economic minerals. 
These are formed solely by endogenic processes. The advisability of sepa- 
rating economic minerals formed in the early and late stages of igneous forma- 
tion was brought out by Bateman (1) in 1942. Diamond and chromite de- 
posits represent early stages. Some magnetite deposits represent the late 
stages of igneous activity. 

Contact metasomatic deposits are intimately related to an intrusive body 
at or near the contact with the pre-existing rock plus emanations from within 
the magma. As they occur only within the upper lithosphere, they are 
grouped in the endogenic cycle. Iron, zinc, lead, and copper are among the 
metals that are concentrated by the contact metasomatic processes. 

As previously noted, pegmatite deposits can be formed during several dif- 
ferent stages which are all endogenic in nature. Their distinctive mineraliza- 
tion and crystallization have enough morphological coherence to merit their 
consideration as a group within the major cycle. Valuable deposits of min- 
erals carrying such elements as uranium, beryllium, and lithium are concen- 
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trated in pegmatites. Many usable feldspars are derived from pegmatitic 
deposits. 

The hydrothermal deposits account for a significant part of the economic 
metalliferous deposits. These are believed to be formed when the ore mate- 
rials carried in solution by hot water are deposited either by replacement or 
by filling in voids in pre-existing rocks within the upper lithosphere. Some 
hold that meteoric waters are important in the formation of hydrothermal de- 
posits. If these waters are effective in the concentration of valuable minerals, 
the meteoric waters probably would have taken on the physical characteristics 
of juvenile water. 

Most geologists at present do not adhere to the ore magma theory of J. S. 
Spurr (11) or the vapor formation proposals of J. S. Brown (3). If the 
evidence is found to make these theories generally accepted, some of the 
hydrothermal deposits might then be classed under such subgroupings within 
the endogenic cycle. 


TABLE II 


Tue Deposits or THE Exocentc (Minor) CycLe 


1. Surficial Volcanic Emanations 
2. Soil and Soil Material 
3. Water Supply (Hydrologic) 
4. Resistate 
5. Hydrolyzate 
6. Oxidate 
7. Precipitate 
8. Evaporate 
9. Oxidation with Supergene Enrichment 
10. Biolith 
Reduzate 
Incombustible 


Metamorphism is a general term applied to a group of physico-chemical 
processes all of which are endogenic in nature. These processes act on pre- 
existing igneous, sedimentary or metamorphic rocks without completely ob- 
literating the pre-existing rock structure, texture, or composition. Metamor- 
phism tends to equalize the chemical composition rather than to differentiate 
the rocks further. Regional metamorphism is responsible for such economic 
minerals as talc, asbestos, garnet, and andalusite. 

Certain deposits resembling igneous rocks but which are formed by means 
that are not directly related to magma, are placed under the general heading 
of granitization. These rocks are believed to be formed by one or more types 
of molecular or ionic diffusion. Little has yet been written about granitiza- 
tion causing the formation of economic deposits. Some of the iron deposits 
found in the western Adirondacks may have been formed in this manner. 

The economic deposits and rocks of the exogenic cycle which are classified 
in Table II have been formed by matter in the uppermost part of the litho- 
sphere that has distinct present contact or has had distinctly manifest previous 
contact with the hydrosphere, atmosphere and in some cases the biosphere. 

Surficial volcanic emanations or the so-called sublimates differ from their 
pneumatolytic and hydrothermal relatives in that they reach the surface and 
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are thus subjected to a different set of physico-chemical conditions which are 
found in the atmosphere and hydrosphere. Some sulfur deposits are formed 
in this manner. 

Soil, as Joffe (8) defines the term, refers to ‘‘a natural body of mineral 
and organic constituents differentiated into horizons of variable depth, which 
differs from the material below in morphology, physical make-up, chemicai 
properties, composition, and biological characteristics.” It is evident from 
this acceptable definition that all the upper parts of the regolith which support 
life cannot be considered soil, but might be called soil material. Since ele- 
ments of the uppermost lithosphere, biosphere, hydrosphere, and atmosphere 
are involved in the formation of soils and soils materials, they are grouped 
in the exogenic cycle. It is obvious from the definition that soils and soils 
materials must be considered apart from other earth materials. The economic 
importance of soils is unquestioned, hence, they must be included in the 
classification. 

Water supply, which is essentially ground and surface water, is that part 
of the hydrosphere which has been laid down on the surface or in the upper 
part of the lithosphere. The hydrologic cycle includes waters derived from 
atmospheric moisture, rain, snow, glaciers, streams, oceans, and ground water. 
Juvenile water is a negligible part of the sum total. As the need for water 
increases we become more aware that water supply is an economic deposit of 
the utmost importance. 

The hydrolyzates include that group of minerals that are formed by weath- 
ering and are found in varying stages of transport, deposition and consolida- 
tion. The resistates are the mineral materials which are left relatively un- 
altered chemically by the processes of weathering. The hydrolyzates are 
smaller sized particles than the resistates and are hence subjected to far 
greater physico-chemical activity. Certain ceramic clays belong to the hydro- 
lyzate group. The resistates include the residual concentrates which carry 
such metals as gold and tin. Gravels, sands, and sandstones which are used 
for industrial and building purposes belong to the resistate group. 

The oxidates are those sediments formed by oxidation of material carried 
in ionic or colloidal solution. As this movement occurs near the surface in 
surface waters they are grouped with the exogenic cycle deposits. Iron and 
manganese oxides are among the more important oxidates. This group does 
not include the oxidation of sulfide which falls under the classification of 
oxidation with supergene enrichment. The latter are considered as a separate 
group on the basis of their distinctive morphological and genetic characteristics. 

Surficial oxidation must occur before supergene enrichment can take place. 
The ore or protore must contain minerals such as pyrite which yield the neces- 
sary solvents upon oxidation, as well as metals that can undergo supergene 
enrichment. The oxidation of the primary ores yield soluble sulfates which 
travel downward through a fairly permeable deposit until they encounter 
proper sufides in zones lacking available oxygen (generally, the water table) 
where they are deposited as sulfides, thus enriching the metal ores at that 
level. Gold is unaffected and remains as a resistate. This process has been 
the source of many rich copper and silver deposits. 
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Reactions in the outer geospheres are responsible for both precipitates and 
evaporates. The precipitates are those minerals formed when some change 
occurs in the equilibrium of a solution that causes one substance to become 
insoluble. Water is the specific solvent in the formation of geologic precipi- 
tates. The chemically precipitated limestones and dolomites are examples of 
the precipitates. Gypsum, halite, and bittern salts are examples of evaporates. 

The evaporates are those deposits that are formed when very soluble salts 
are deposited from a water solution under unusual surficial conditions. Ex- 
tremely arid conditions are necessary for salts to be deposited from evaporat- 
ing water. 

The final group of the exogenic cycle are the bioliths which are those 
organogenic materials resulting from processes indigenous to the biosphere. 
They may be further subdivided into the reduzates or combustibles (Potonie, 
9), and the incombustibles. The interaction of inorganic and organic mate- 
rials in a reducing environment is responsible for the formation of reduzates 
or combustibles. The incombustibles are those organogenic deposits where 
living organisms have caused the deposition of essentially inorganic substances. 
Coal and petroleum are economic deposits that may be classified as reduzates. 
Examples of incombustibles are some limestones, phosphates and diatomaceous 
deposits. 

Dept. oF GEOLOGY, 

Univ. oF MASSACHUSETTS, 
AMHERST, MAss., 
July 10, 1954 
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ABSTRACT 


The cobalt and nickel content of pyrrhotite from the Highland-Surprise 
mine, Coeur d’Alene district, Idaho, was determined by spectrographic 
methods. The Co and Ni values fall within the ranges of values found 
by other investigators. Comparison of the distribution of Co and Ni in 
the Highland-Surprise ore shoot with the distribution of these elements 
in the Silberberges, Germany, and Noranda, Canada, ore shoots suggests 
that caution must be used in the determination of relative temperature 
conditions in ore shoots by means of studies of minor elements, principally 
because it seems likely that equilibrium concentrations are commonly 
absent. 


INTRODUCTION 


Tue U. S. Geological Survey is investigating the lead-zinc ores of the Coeur 
d’Alene district, Idaho. An important part of the investigation has to do 
with variations in composition of the vein minerals in regard to both major 
and minor elements. Pyrrhotite is an important gangue mineral in some of 
the veins, and consequently it was one of the first minerals studied. The 
study was started in hopes that, ‘‘a knowledge of the distribution of the minor 
constituents may in certain cases be expected to be valuable in elucidating 
the history of the formation of an ore deposit” (3). 


PREVIOUS WORK ON PYRRHOTITE 


Investigations of the minor element content of pyrrhotite have been made 
by Rost (7), Hegemann (5, 6), and Gavelin and Gabrielson (3). Rost in- 
vestigated the ratios of Ni to Cc in both pyrite and pyrrhotite from veins in 
eastern Bavaria. He also studied the variation of Co and Ni in one small 
ore shoot. Hegemann (5) considered that Co and Ni, but not Mn, Zn, or 
Cu, could enter the pyrrhotite structure, and later he (6) made a compre- 
hensive study of the cobalt and nickel content of several minerals including 


1 Publication authorized by the Director, U. S. Geological Survey. 
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pyrrhotite. Hegemann apparently made no attempt to study Co and Ni 
variation in a single ore shoot. Gavelin and Gabrielson (3) investigated the 
variation of Co, Ni, and Mn in pyrrhotite, and other minerals in a single 
district but did not make a detailed study of a single ore shoot. Auger (1) 
investigated minor element variation in ore shoots at the Noranda mine, 
Quebec. 

Rost (7) concluded that Ni:Co ratios exhibited no significant district 
pattern ; his ore shoot study will be discussed below. Gavelin and Gabrielson 
concluded that neither “geological milieu,” formation temperature, nor “chemi- 
cal composition (as regards the major constituents),” greatly affected the 
Co-Ni distribution of the district they studied. Hegemann (6) came to the 
same conclusion about the variation of Co and Ni in pyrite from hydrothermal 
veins, but he makes no statement about Co and Ni content of pyrrhotite, al- 
though the data in his Table 13 (6, p. 215) would indicate the same conclusion. 

To summarize, the work of previous investigators has shown that the only 
common minor elements that substitute for iron in the pyrrhotite structure 
are Co and Ni, and if either the Co or Ni content of pyrrhotite is greater than 
1 percent, an included mineral is probably present (5). Furthermore, these 
studies have shown no significant or consistent relationship between the 
Ni: Co ratios (3, 6, and 7) or Co and Ni contents and the geologic environ- 
ment on a district wide basis. 

The question that seems unanswered is: are there significant variations 
in the Co and Ni content of pyrrhotite within a single ore shoot? This prob- 
lem will be considered below. 


OCCURRENCE OF MATERIAL ANALYZED 


The pyrrhotite samples for this study came from the No. 1 ore shoot of 
of the Surprise vein, Highland-Surprise mine, Coeur d’Alene district, Sho- 
shone County, Idaho. The dip of the veiri is 70° to 80° S. The No. 1 ore 
shoot has a maximum stope length of 300 feet, maximum pitch length of 
1,700 feet, and a rake of 70°. 

The predominantly sphalerite-bearing ore shoot is enveloped by pyrite, 
dark glassy quartz, and pyrrhotite. The vein and ore shoot were formed by 
a series of replacements within a fractured zone in rocks varying from siliceous 
argillite to quartzite of the Precambrian Belt series. 

The writers had hoped that over this reasonably long ore shoot it might 
be possible to show a variation in minor element composition of pyrrhotite 
with respect to vertical position in the ore shoot. The 10 samples prepared 
for analysis were collected from 8 levels and were considered to be a trial run, 
the results of which would determine further work. 

Polished surfaces of the pyrrhotite samples were prepared and examined 
for the presence of included mineral grains. No pentlandite was present, and 
only very minor amounts of galena, chalcopyrite, and country rock inclusions 
were seen. The analyses show that very clean magnetic separation of the 
pyrrhotite was possible and that most of the extraneous minerals were elimi- 
nated in the process. 


2 Note: Diagram in Hawley (4, p. 372) suggests about 2 percent. 
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METHOD OF ANALYSIS 


The general method and equipment used in the spectrographic analysis 
were those reported by K. J. Murata in Fleischer et al. (2). 

All samples were diluted with an equal weight of a mixture consisting of 
90 percent quartz and 10 percent sodium carbonate in order to improve their 
burning qualities in the D-C arc, and to reduce matrix differences between 
samples and the regular pegmatite-base standards of the Geological Survey’s 
spectrographic laboratory. Twenty-five milligrams of the prepared samples 
were arced to completion in duplicate. No internal standards were used. 

Analytical curves were established by arcing 25 milligram portions of the 
pegmatite-base standards. The following lines of the elements were used: 
Cu 3273.962, Co 3453.505, Ni 3414.765A. 

The absolute accuracy of the values given is unknown because no pyr- 
rhotite samples of known minor element concentrations were available to vali- 
date the analytical curves; however, relative values among the various pyr- 
rhotite samples are believed to be reliable to the extent of the reproducibility, 
which was + 20 percent of the mean values reported. 

Analytical results are presented in Table 1, and their range in Co-Ni 
percentages is compared with those of other districts, in Table 2. 


TABLE 1 


SPECTROGRAPHIC ANALYSES OF PYRRHOTITE FROM THE NO. 1 ORE SHOOT OF THE SURPRISE VEIN, 
HIGHLAND-SURPRISE MINE, SHOSHONE COUNTY, IDAHO 


0 in unit column means element not detected. 


Sensitivity: .0002 for Cu, .001 for Co, .001 for Ni. 



































| : - 
Lab. No. | % Cu % Co % Ni Level —— = 
52-2165SW | ois = |«(O. .026 No. 4 tunnel 3,240 > 26. 
52-2166SW 013 .0070 .0080 200 level 3,080 1.1 
5§2-2167SW .0064 0. .0062 300 level 2,980 > 63 
52-2168SW | .014 .010 011 700 level 2,560 1.1 
§2-2169SW | .0056 .0048 .0026 1,000 level 2,250 0.5 
52-2170SW_ | .030 | .0032 .0034 1,150 level 2,130 1.1 
§2-2171SW .017 .0036 | .0086 1,150 level 2,130 2. 
§2-2172SW | .014 .0054 .0084 1,300 level 1,980 1.5 
52-2173SW | .034 .0044 .0042 1,300 level 1,980 1 
52-2174SW | .016 .0032 012 1,450 level 1,850 4 
| | 
Looked for but not found: Ge, Sn, In, Ga, V. 
QUALITATIVE SPECTROGRAPHIC ANALYSES FOR OTHER MINOR ELEMENTS IN 
§2-2165SW AND 52-2174SW 
Lab. No. | Ag Pb | Mn | Al Mg | Ba 
§2-2165SW | 0. 0. .0OX | OX .0OX 0. 
52-2174SW | .0OX we .0OX xX .0OX .000X 


Looked for but not found: Au, Hg, Ru, Pd, Os, Ir, Pt, Mo, W, Re, As, Sb, Bi, Se, Te, Zn, 
Cd, Ti, Cr, Sc, ¥, Yb, La, Ce, Ti, Zr, Hf, Th, Nb, Ta, U, Be, Ca, Sr, P, and B. 


Analyses by R. S. Harner. 
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TABLE 2 
COBALT AND NICKEL CONTENTS OF PYRRHOTITE FROM VARIOUS DISTRICTS 
Cobalt Nickel 
Range in - ; — bisee = Refer- 
percent | | samples} ence 
0.001-| 0.01-| 0.1 4 0.001—| 0.01—| 0.1— | 0.21-| 0.51 
<.001/9'009 | 0.09 | 0.2 | <-°°!l0.009 | 0.09 | 0.2 | 0:50 |1.0 |>!-° 
Distribution 
(percent of 
total 
samples) 
Skellefte 51.5 3.5 | 41.5 | 3.5| 46.5 | 28 25.5 | 0 0 0 0 82 (3) 
East Baverian 
districts 44,2 | 11.6 | 44.2] 0 0 32.6 | 53.5 |13.9| 0 0 0 43 (7) 
German | 
districts 24.8 | 10.0 | 30.4 | 34.8 3.4 | 22.5 | 36.0 7.8 | 13.5 | 9.0 | 7.8 89 (6) 
Coeur d'Alene | 20 70 10 0 0 70 3 0; 0 0 0 10 Present 
work 
' 






































One may tentatively conclude that Coeur d’Alene pyrrhotite perhaps con- 
tains more Ni and Co than Gavelin and Gabrielson’s samples from the Skel- 
lefte district, Sweden, and perhaps less Ni and Co than specimens from Ger- 


man districts analyzed by Rost (7) and Hegemann (6). The differen 
not striking. 


ces are 










































bees OUD eee oso 
ADDITIONAL UNLOCATED SAMPLES 
PYRRHOTITE WwW Y T 
Ex Rane 4 ICKEL % COBALT % \ 
(BARBARA LEVEL) ——> _Phillipp 
102 0,007 ° fal Teslsi 
103 0.014 0.02 fieli?) 27\20) 
104 0.007 0.02 Wolfgong —_— 8 = 
108 0.014 0.02 Ms 
106 0.002 0.007 
(PHILIP LEVEL) 
107 0.014 ii] (eal [sa] 
terlee ———————_ ee 
(9 Woltr liz 
[eojz2| 
[z3) (30 
Johannes = = = === ——— 
PYRRHOTITE NICKEL % COBALT % 
SAMPLE WO. 
fefrle} — 
Sebastian ‘6 0.007 0.002 
7 0.14 0.002 
‘ a 8 0.007 ° 
aaa 9 0.007 0.02 
10 0.007 
i" 0.007 0.002 
Skizze des Silberberges bei Bodenmais (After Rost, 7) 12 0.007 0.08 
14 0.014 0.001 
16 0.02 ° 
1:5,000, Zusdtztiche Uberhéhung 2.5 fach i? 0.02 ° 
20 0.014 ° 
2 0.014 ° 
22 0.02 ° 
23 0.014 ° 
26 0.007 ° 
27 0.007 ° 
28 0.014 ° 
30 0.014 ° 
3 0.007 ° 
32 0.014 ° 
Fic. 1. Section of Silberberges deposit, Bodenmais, Germany, showing location 


of samples and spectrographic analyses, compiled from Rost. 
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MINOR ELEMENTS IN PYRRHOTITE FROM SINGLE ORE SHOOTS 


Figure 1 is adapted from a longitudinal section of the Silberberges deposit 
(7) and shows the location of the analyzed samples and the nickel-cobalt 
assays. There appears to be little if any consistency in the distribution of 
the Co and Ni assays or the Ni:Co ratios. A line could be drawn separat- 
ing those positions of the mine where cobalt could and could not be detected 
(limit for quantitative determinations was 0.0015 percent of either Co or Ni), 
but beyond that there appears to be little to be learned from an examination 
of the assays or the Ni:Co ratios. 

The No. 1 Surprise ore shoot is essentially a long, flattened, nearly vertical 
pipe, and significant variations in a horizontal plane along its relatively short 
strike length would not be expected. However, a detectable differentiation 
over 1,500 feet in a vertical direction did seem to be a‘ possibility, but the 
analytical results in Table 1 demonstrate that there is no significant variation 
in either Co or Ni analyses or Ni:Co ratios with respect to position in the 
ore shoot. 

Auger (1) determined the amount of Ag, Pb, Zn, Co, Ni, Ti, and V in 
an unspecified number of pyrrhotite specimens from the Noranda mine, Que- 
bec. Theoretically such large ions as Ag and Pb should not enter the pyr- 
rhotite structure, and Hegemann (6) has shown definitely that Zn does not 
enter the pyrrhotite structure. V** and Ti** or Ti** could substitute for Fe 
as as far as size is concerned but not readily because of the extra charges in- 
volved; one may doubt if they substitute for iron in the pyrrhotite structure. 
Probably the elements, other than Ni and Co, that Auger determined in his 
pyrrhotite were in minute inclusions of other minerals. 

At the Noranda mine there is no systematic variation of Co with depth 
to 1,000 feet in what is called the upper ore shoot. In the lower ore shoot 
from 1,600 to 2,900 feet, analyses are scattered, but a straight line was drawn 
(semilog graph) indicating an increase of Co with depth. The upper ore 
shoot showed a slight decrease in Ni content with depth; the lower ore body 
showed no variation with depth. The number of samples represented by each 
point on the graphs is not stated, but the points on the graph are assumed to 
be averages of a number of samples from the particular level. It is difficult 
to see that Auger’s statement (1), “there is a systematic variation with depth 
in the quantities of minor elements,” completely applies in the case of Co and 
Ni in pyrrhotite. 

One must conclude that the cursory study of the Silberberges and 
Highland-Surprise ore shoots has resulted in no picture of, or elucidation of, 
the history of formation of the two ore shoots. The work at Noranda may 
best be considered as inconclusive. 


REASONS FOR APPARENT NEGATIVE RESULTS 


Reading of the literature suggests that negative results with respect to 
minor element studies of pyrrhotite may be expected. The negative results 
may be explained by: 

(1) A peculiarity of pyrrhotite. 

(2) Flaws in the premise whereby we expect minor element variation to 
reflect physical-chemical conditions of ore deposition. 
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(3) Actual erratic temperature distribution within ore shoots as they 
form. 

The fact that pyrrhotite is a mineral with a defect structure should have 
little influence on the problem, as it is clear that Co and Ni can substitute 
for Fe. 

Though the field of solid solution of Ni, and presumably also of Co, in 
FeS is small (less than 2.0 percent according to phase diagrams of Hawley 
(4)), it appears that the amount of Co and Ni in the vein-forming fluids is 
generally not great enough to approach maximum equilibrium values for these 
elements in pyrrhotite, and therefore the Co and Ni contents cannot be ex- 
pressions of such equilibrium conditions. 

Unpublished work on the Fe content of sphalerite suggests a very erratic 
temperature distribution within a large ore shoot. This may be common in 
replacement ore shoots. 


CONCLUSIONS 


1. On the basis of work by Rost (7), Hegemann (6), and Gavelin and 
Gabrielson (3), one may conclude that district-wide minor element variation 
in pyrrhotite (Co and Ni content) is not affected by wall rock, temperature, 
or chemical composition of major constituents of veins. 

2. Minor element variation in pyrrhotite from two ore shoots that have 
been studied is not systematic with respect to position in the ore shoot. Vari- 
ation in the Noranda ore shoots is inconclusive. 

3. Lack of systematic variation is probably due to the fact that the Co 
and Ni contents did not reach equilibrium concentrations for the temperatures 
and pressures involved. 

The results indicate that caution must be used in the determination of rela- 
tive temperature conditions in ore shoots by means of studies of minor ele- 
ments, principally because it seems likely that equilibrium concentrations are 
commonly not present. 


U. S. GeoLocicaL Survey, SPOKANE, WASH., AND 
PENNSYLVANIA SALT MANuF. Co., WynpMoor, Pa., 
Dec. 8, 1954 
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DISCUSSION 


THE GOLD PAN—A NEGLECTED GEOLOGICAL TOOL 


Sir; In his highly commendable paper on the geological uses of the gold 
pan (Econ. Geox., Sept-Oct. 1954, pp. 639-651), J. B. Mertie mentions in 
a footnote (p. 640) that the late Sir Albert Kitson had employed panning to 
great advantage in the Gold Coast. That is true, but the bald statement needs 
amplification as it does not do justice to Kitson’s colleagues and other geolo- 
gists who shared in the development and successful application of panning in 
the Gold Coast. Equally successful results were obtained in Sierra Leone 
and it would therefore be more correct to say that the Geological Surveys of 
the Gold Coast and Sierra Leone had employed the pan to advantage in geo- 
logical mapping and prospecting. 

Panning has been routine practice in the Gold Coast Survey since Kitson 
introduced it in 1913, and in Sierra Leone from 1926 when it was employed 
for the first time by the writer.’ 

In the early days of both Surveys when little was known of the mineral 
resources of the countries, the pan was used essentially for prospecting pur- 
poses. Some important economic results were obtained, notably the dis- 
covery of the Gold Coast and Sierra Leone diamond fields and alluvial gold 
and platinum deposits in Sierra Leone. 

As the work of the Surveys progressed from the reconnaissance stage to 
more detailed mapping, greater emphasis was placed on panning weathered 
rocks for geological information and especially for mapping geological bound- 
aries. Routine testing of alluvials, eluvials and lode deposits by panning was 
continued, and special investigations were carried out, for example, sampling 
of andalusite deposits in weathered schists, pitting and loaming to locate the 
source of detrital gold and platinum occurrences, examination of ores and mine 
tailings, and the determination of the size of gold in banket reefs. 

The heavy mineral concentrates obtained by panning were examined and 
described in the field, and most of them were registered and kept for subse- 
quent investigation or stored for future reference. A collection of them has 
recently been examined for radioactive minerals. Most of the results of field 
and laboratory investigations are scattered through the reports and records 
of the Surveys, the only publications dealing specifically with them being by 
Kitson and W. J. Felton.2. They list the minerals in 625 Gold Coast concen- 

1 Director of the Geological Surveys of Sierra Leone and the Gold Coast from 1926 to 
1930 and 1930 to 1945, respectively. 

2 Minerals of Concentrates from Stream Gravels, Soils and Crushed Rocks of the Gold 
Coast 3ull. No. 6, Gold Coast Geol. Surv., 1930. 


References to Occurrences of Economic Minerals in the Gold Coast. Bull. No. 5, Gold 
Coast Geol. Survey, 1930. 
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trates selected for examination under the microscope from 15,500 concentrates 
collected from 1913 to 1929.° 

The pan normally used in the Gold Coast and Sierra Leone was of 12 inch 
diameter, but a larger pan was employed for preliminary screening and pud- 
dling. Screens were used to separate fractions of different sizes and the pan- 
ning was done, with the aid of a small panning stool, in a large enamel basin 
placed whenever possible on a level, dry spot in moderate sunlight. By these 
means a good deal of the back-breaking work of panning in a stream bed or a 
pool of water can be obviated and, what is more important, the panning can 
be more efficiently controlled. The above mentioned equipment, together with 
a pick and shovel, a “dolly” pot and pestle for crushing hard samples, a nest 
of fine-mesh sieves and a few extra pans, can be readily transported. 

N. R. JUNNER 
MarLey LANE, HASLEMERE, 
SuRREY, ENGLAND, 
January 27, 1955 


8 See also N. R. Junner, Geology and mineral resources of Sierra Leone: Min. Mag., vol. 
42, 1930, and J. D. Pollett, The geology and mineral resources of Sierra Leone: Colonial Geol- 
ogy and Mineral Resources, vol. 2, No. 1, 1951. 











SCIENTIFIC COMMUNICATIONS 


THE Ag,S-Cu,S SYSTEM 


Sir; In the article by Ross ' it was stated that “Extensive solid solutions 
in the system Ag,S—Cu,S are known to form in the solid state.” This state- 
ment is in agreement with the experimental work done by Schwartz.? Ex- 
tensive single phase solid solution regions could not be found in a recent inves- 
tigation of the structural relations in this system. Insofar as this contradicts 
the above statement, it seems advisable to report the following results. 


PROCEDURE 


From the chemically pure elements, samples with compositions from 
acanthite, Ag,S, to chalcocite, Cu,S, were prepared at intervals of five atomic 
percent. The mixed material was compressed into pellets, weighed, and 
sealed in evacuated pyrex tubes. The sealed pellets were heated at different 
temperatures and for various lengths of time. After the heating the pellets 
were checked for change in weight and X-rayed. Single crystal and powder 
photographs were taken in order to obtain the crystal data of stromeyerite. 


RESULTS 
Stromeyerite.—Using single crystals of stromeyerite from Gowganda, 
Canada (obtained from the Harvard Museum), the following crystal data 
were obtained by the Weissenberg and Precession techniques, using Cu Ke 
radiation (A = 1.542): 


Orthorhombic 
a = 4.06A b = 6.66 c= 799 
V = 215.5A%, with cell content, Z = 4 a:b:c = 0.609: 1:1.200 
Diffraction symbol mmmC_c 
Space group Cmc2, = C}? or Cmem = DI? 


A private communication from Dr. L. Berry of Queens University lists similar 
results. 

The Ag,S—Cu,S System.—The data of one of the runs at 200° C for 18 
days are listed in Table II and shown in the powder diagrams. Runs at 
250° C and 150° C for 12 days and 26 days, respectively, gave very similar 
results. From the data the following conclusions have been reached: 


1. There is no appreciable substitution of copper sulfide in silver sulfide 
or silver sulfide in copper sulfide. This could be expected from size considera- 

1 Ross, Virginia, The formation of intermediate sulfide phases in the solid state: Econ. 
Geou., Vol. 49, p. 750, 1954. 


2 Schwartz, G. M., Relation of chalcocite, stromeyerite, and argentite: Econ. Geror., Vol. 
30, p. 128, 1935. 
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Photographs taken with Nonius Powder Camera using CoKa radiation 
(A=1.791A). Arrow on AgwCuwSs sample indicates the. trace of jalpaite. The 
AgiwCuwSs sample is to be ignored because of contamination of oxygen. Presence 
of native silver in the AgioSs sample is to be attributed to a slight loss of sulfur. 
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tions alone (radius of Ag* is 1.26A and the radius of Cu* is 0.96A, a size dif- 
ference of more than 30%). At the composition of Ag,,Cu,S,o, jalpaite and 
a trace of free silver appear with acanthite. At Ag,Cu,,S,,, stromeyerite, 
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TABLE I 


STROMEYERITE DATA OBTAINED FROM POWDER PHOTOGRAPHS 














Intensity d | Indices ] Intensity d Indices 
1 | 3.98 (002) ! 5 1.75 (132) 
7 | 3.46 (110) | 4 | 1.73 (220) 
8 3.33 (020) | 3 | 1.70 (114) 
6 3.07 | (021) 3 | 1.69 (024)-(221) 
10 | 2.61 (112) 1 1.63 (041) 
6 2.55 | (022) | 2 1.58 (222) 
2 2.10 (023) | 1 1.57 (133) 
8 | 2.07 (004) | 2 1.45 (223) 
7 | 1.99 | (130) 6 | 1.42 (204) 
6 1.89 (131) | | 








copper and an unidentified phase “B” appeared with no chalcocite. Stro- 
meyerite and jalpaite, also, have very limited solid solution fields, as can be 
seen from the table and powder diagrams. 

2. A distinct phase at Ag,,Cu,,S,. corresponds to the mineral jalpaite 
Ag,CuS,. Dr. Claringbull at the British Museum has recently reported the 
existence of this phase.* 


TABLE II 





Sample composition 
(Atomic ratio [Ag+Cu]: S =2:1) 
Observed compounds 








Ag : Cu | Ss 
| : Bo§ a 2 

100 = 50 | Acanthite, silver 

95 5 | 50 Acanthite, jalpaite, trace of silver 
90 10 50 Acanthite, jalpaite, trace of silver 
85 | 15 50 Acanthite, jalpaite, trace of silver 
80 | 20 50 Jalpaite, acanthite 

75 25 50 Jalpaite 

70 30 50 Jalpaite, A-phase, trace of silver 
65 | 35 50 | Jalpaite, A-phase 

60 40 50 A-phuse, jalpaite, stromeyerite 
55 45 50 Stromeyerite, A-phase, trace of jalpaite 
50 50 50 Stromeyerite, trace of jalpaite 

45 55 50 Stromeyerite 

40 60 50 Stromeyerite, B-phase 

35 65 50 Stromeyerite, B-phase 

30 70 50 Stromeyerite, B-phase 

25 75 50 Stromeyerite, B-phase 

20 80 50 Stromeyerite, B-phase 

15 85 50 Stromeyerite, B-phase, trace of copper 
10 90 50 } B-phase, stromeyerite, copper 

5 95 50 B-phase, stromeyerite, copper 





Note: All data are from the run at 200° C for 18 days, except the 10-90-50 sample. It gained 
weight (somewhat oxidized) and data are from the other two runs mentioned. No sample of 
0-100-50 was prepared for any of the runs, it being assumed that chalcocite would form. 
(Buerger, N. W., The chalcocite problem: Econ. GEOL., Vol. 36, p. 19, 1941.) 


8 Paper given at the Meeting of the Mineralogical Society, London, March 26, 1953, entitled 
“Natural and Synthetic Jalpaite, Ag,;CuS,.” 
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3. Between acanthite and stromeyerite and between stromeyerite and chal- 
cocite, a number of lines on the powder X-ray diagrams, which cannot be at- 
tributed to any known compounds, are attributed to a silver rich compound, 
A, and to a copper rich compound, B. Stromeyerite persists as one of the 
phases up to Ag,Cu,,S,.. If all of the silver is in the stromeyerite, the B-phase 
is a copper-sulfur compound, but the powder pattern does not correspond to 
chalcocite, digenite or covellite. It thus seems that there might be some other 
copper-sulfur compound not yet noted ; perhaps the unestablished mineral spe- 
cies carmenite, Cu,S,. Phase A is apparently off of the Ag,S—Cu,S join, 
since no pure pattern of it appears. More study is needed to show its exact 
nature. 

4. In all of the powder diagrams from material near the composition of 
stromeyerite (five all told, the longest being two months at 95° C and then 
six months at 150° C), it was noted that the powder diagram of stromeyerite 
was cleaner, had less “extraneous” lines and was closer to a composition of 
Ag,;Cu,,5,. than to the 1:1:1 composition expected. At Ag, ,Cu, S;. the 
strongest line of jalpaite appeared. Perhaps this is because stromeyerite is 
a defect structure in which the Ag does not occupy all of its structural posi- 
tions, or because the Cu is in some of the Ag positions. 

NoRMAN SUHR 


Dept. oF GEOLOGY, 
UNIVERSITY OF CHICAGO, 
Feb. 15, 1955 
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Los Yacimientos Minerales de Bolivia. By Frprrico AHLFELD. lp. 277; figs. 
100; map of Bolivia on scale of 1:500,000 showing locations of 350 mining dis- 
tricts and individual deposits. Imprenta Industrial S. A., Bilbao, Spain, 1954. 


The economy of no country is as dependent on its mineral deposits as Bolivia. 
About 97 percent of its exports are mineral products. The literature on Bolivian 
mineral deposits numbers over 500 titles. It is widely scattered and much of it 
not readily accessible. No one has spent as many years as- Dr. Ahlfeld in the 
investigation of the Bolivian mineral deposits, almost continuously since 1923, and 
no one has contributed as extensively to the literature on those deposits as he. 
From the date of his first paper, 1926, to 1942, the Bibliography of Economic 
Geology of South America (Geological Society of America, Special Papers, Num- 
ber 50) lists 242 Bolivian titles, of which Ahlfeld contributed 73, or 30 percent. 
Ahlfeld’s selected bibliography in this work includes 151 titles of which 47 are his, 
or 31 percent. 

Ahlfeld has gathered the results of his more than three decades experience in 
Bolivia into the most complete and comprehensive description of the mineral de- 
posits of Bolivia that is available in a single volume for any country in the world. 

Those who have worked with the scattered literature on Bolivian mineral de- 
posits know how difficult it is to find the location of many of them on available 
maps. The mines and mining districts are numbered and listed by principal min- 
eral products, and their map locations are indicated by a grid system. Their 
position in the grid is given by an appropriate legend symbol together with the 
name and number, or the number alone. The list indicates the most important 
producing mines and former important producers that are now idle, and also the 
mines of the Corporacion Minera de Bolivia. The list is supplemented by an alpha- 
betical index of the names with page references to the text. 

The text is of necessity restricted to descriptions of 362 mining districts and 
individual deposits, selected as the outstanding deposits on the basis of economic 
importance or especial geologic interest from the more than 2,000 lead mines, 750 
tin mines, and 250 antimony mines, most of which are very small. 

The 100 text figures include 48 geologic maps, 27 geologic sections and vein 
cross sections and longitudinal sections, and 25 excellent photographs of mining 
districts, mines, and mining operations. 

Very convenient and not readily accessible information are three tables of min- 
eral statistics. The exports of tin, silver, lead, zinc, tungsten, antimony, bismuth, 
mercury and copper are given for the years 1912 to 1953; the exports of non- 
metallic minerals for the years 1935 to 1953; and the petroleum production for the 
years 1925 to 1951. 

To serve as a setting for the geology of the mineral deposits, there is a 5 page 
review of the morphology of Bolivia and an 11 page review of the geology, supple- 
mented with 54 selected references on the geography, geology, paleontology, and 
petrography. 

The description of the mineral deposits is divided into three chapters—the metal- 
lic deposits comprising 207 pages, the non-metallic deposits 22 pages, and the fuels 
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other than petroleum 3 pages. Though the petroleum deposits are shown on the 
map, their description is omitted because 53 pages in Ahlfeld’s “Geologia de Bo- 
livia” (1946) are devoted to the geology of the subandean petroliferous zone. Sul- 
phur is the only important nonmetallic product and petroleum the only important 
fuel. In addition to the metals cited in the table of export statistics and gold, small 
quantities of nickel, cobalt, selenium, vanadium, manganese, arsenic, and columbite 
ores have been produced. The most unusual of these deposits is the vein at Pa- 
cajake in which the principal ore mineral is the nickel-copper selenide blockite 
which contains 70 percent selenium. 

The principal metallic deposits are described under nine groups. The section 
on each group is introduced by an account of its geologic and mineralogic features 
and concluded with a summary of the history and economic development of the de- 
posits. The latter summaries contain much information on mine production, ore 
tenor, and ore reserves. There is a geologic map among the text figures of nearly 
all of the important districts. Naturally most space is devoted to the tin, silver- 
tin, silver deposits, and the tungsten deposits—tin deposits 56 pages, silver-tin de- 
posits 22 pages, silver deposits 12 pages, and tungsten deposits 34 pages. The 
treatment of the other groups is lead-zinc deposits 21 pages, antimony deposits 19 
pages, gold deposits 14 pages, copper deposits (mainly Corocoro) 14 pages, and 
bismuth 6 pages. 

Ahlfeld has provided an indispensable reference book on the mineral deposits 
of Bolivia. Under one cover he has ably combined published literature and a 
wealth of hitherto unpublished personal information. 


Tue Jouns Hopkins UNIversIty, 
BaALtrmorE 18, Mp., 
November 29, 1954 
Josep T. SINGEWALD, JR. 


Prodrome d’une Description Géolozgique de la Belgique. Published under the 
direction of P. FourMARIER with collaborators. Pp. 826; illust.; geologic map 
of Belgium. Soc. Géol. de Belgique, Liege, 1954. 


The title page of this huge volume states: “Hommage de la Société Géologique 
de Belgique 4 son Secrétaire Général Honoraire Paul Fourmarier a l'occasion 
de son LXXV® Anniversaire, 1877-1952.” Here is a great tribute to this grand 
old man of Belgium geology. It may be recalled that the Society of Economic 
Geologists also honored him with its Penrose Gold Medal at the Algiers Meeting 
of the International Geologic Congress in 1952. 

The volume measures 9 X 12 inches, is quite extensively illustrated, and is made 
up of 35 chapters in 4 parts, contributed by 24 authors. Part I, with 18 chapters, 
is a detailed description and discussion of the stratigraphy and fauna, taken up 
period by period. This part makes up nearly three-quarters of the whole volume 
and represents contributions of 20 authors. Part 2, Tectonics, is by P. Fourmarier 
himself, and consists of 10 chapters dealing with the various orogenies and de- 
formations. Part III, Eruptive Rocks, is by M. E. Denaeyer and G. Mortelmans, 
and deals with the eruptives and pyroclastics of the Brabant, Sambre-Meuse, and 
Ardennes massifs. Part IV, Metallic Minerals and Coal, is by M. Legraye. It 
treats of deposits of iron ore, manganese, zinc-lead and pyrite, gold, copper, and 
coal. Appendices consist of a stratigraphic column of the coal deposits, a colored 
geologic map of Belgium on a scale of 1 to 500,000, and a large plate giving plans 
and sections of the coal measures. 
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The volume is a complete and up-to-date survey of all- phases of the geology 
of Belgium assembled in one unit. In its production the Société has made a great 
contribution and honors itself as well as paying tribute to Belgium’s outstanding 
geologist. 

Aan M. BATEMAN 


The Geology of South Africa. By A. L. DuTorrt, 3rd edition, edited by S. H. 


Haughton. Pp. 611; pls. 41; figs. 73; Geol. map. Hafner Pub. Co., New York, 
1954. Price, $12.00. 


The first and second editions of this well known book by a well known author 
have become a standard reference to the geology of South Africa. The second edi- 
tion appeared in 1939 and the vast amount of new data that became disclosed during 
and after World War II prompted Dr. DuToit to begin a new revision to incor- 
porate the new information and correct some erroneous information of the Pre-War 
edition. The material for this third edition was largely completed at the time of 
the death of Dr. DuToit in February 1948. The task of editing and preparing the 
material for publication was then undertaken by Dr. Haughton. He also made 
corrections and some additions and where certain new views, particularly on cor- 
relation, had appeared, he inserted editorial notes drawing attention to these differ- 
ences of opinion. He also saw that the geological map, which also includes Bech- 
uanaland, Southern Rhodesia, Nyasaland and Mozambique, was redrawn. 

The present edition follows the same outline as its predecessor, namely general 
principles, chronologic treatment of the different geologic systems and their in- 
cluded economic materials, prehistoric man, soils, economic geology, the geologic 
history of South Africa, and an appendix with a table of rock analyses. The 
book has been increased by 72 pages and a great amount of new material has been 
added and older material deleted. Several new photographs have also been added. 

In its revised form this third edition should continue to be the general standard 
reference on the geology of South Africa. 


Asia, East by South. By J. E. Spencer. Pp. 453; size 8 X 11; figs. 136. John 

Wiley & Sons—Chapman & Hall, New York—London, 1954. Price $8.50. 

This pleasing volume is written by the outstanding American scholar on Asia 
—the Professor of Geography at the University of California in Los Angeles. The 
author states in the preface “If the geographic interpretation of Man and Nature 
in the Orient is going to be useful . . . it must range beyond matters of crop 
distribution, settlement forms, and lines of transport.” This book does so. It deals 
with the cultural geography of the East, with a major theme that in particular 
environments, particular cultures have evolved with local peculiarities and re- 
gionalisms that make these countries distinctly different from the West. 

The first part deals with “Systematic Geography,” geomorphology, climate, 
minerals, soils, plants, marine life, health, peoples, languages, laws, religions, settle- 
ments, etc. The second part, “The Regional Growth of Culture,” deals with each 
of the individual countries of east and south Asia, the theme being largely cultural. 
A third part, “For Use in Reference,” gives a statistical abstract, bibliography, 
and place and subject index. 

Under minerals are a few pages giving distribution, power sources, metals and 
non-metallic minerals, and a table listing the mineral deposits of each country. 

Part 2 is particularly interesting. One may learn of each country, the early 
environments and societies, invasions, religious developments, foreign rules, and 
its place in the modern world. 
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The book is nicely written and well illustrated by maps and charts. It should 
prove to be the outstanding book in English on east and south Asia. 


The Agricultural Resources of the World. By Wm. VAN Royen. Size 12 
xX 15 in.; pp. 258; figs. 338. Published for the University of Maryland by 
Prentice-Hall, Inc., New York, 1954. Price $13.35. 

This large, heavy volume is entitled Volume 1, Atlas of the World’s Resources 
and has been produced by the Department of Geography and the College of Busi- 
ness and Public Administration of the University of Maryland in cooperation with 
the U. S. Department of Agriculture. An introduction covers world climates, 
precipitation, soils, and population. The next chapter gives charts and text of the 
world agricultural lands and land use. This is followed by a chapter giving iden- 
tification maps of different parts of the world. There then follows 28 chapters 
dealing with 28 agricultural products. Each of these gives the species, tempera- 
ture and soil requirements, and discussions of each of the producing countries of 
the world. Large charts show acreage, producing areas and consumption. Many 
of the charts are full page size. References follow each commodity chapter. 
Because of its large size the volume is equivalent to about three ordinary sized 
books. : 

It is an authoritative work, packed full of meat, and will be an invaluable 
reference to agriculturalists, geographers and exporters and importers. 


Soixante-Quinziéme Anniversaire de la Société Francaise de Minéralogie, 
1878-1953, Minéralogie—Cristallographie, Vols. I, II. Pp. 1,146; illust. 
Librairie Masson et Cie, Paris, 1954. 

These two volumes commemorate the 75th anniversary of the Société and 
were made possible by generous contributions of 48 industrial companies and some 
three score members of the Société. The volumes are divided into an introduction 
and 6 chapters, namely: I, Modern Ideas on the Structure of Matter; II, Crystal- 
lography and Industrial Techniques; III, Modern Aspects of Crystallographic 
Theory; IV, Mineralogy, Geochemistry, Petrography, Metallogeny; V, Methods 
of Investigation; VI, Experimentation ori Minerals. There are exactly 75 con- 
tributions from 94 authors. The chapter headings give an inkling of the contents, 
which cover practically the entire range of mineralogy and crystallography. The 
list of titles is very impressive. 

The volumes are nicely printed on heavy coated paper, which permits excellent 
reproduction of the many well chosen illustrations, among which are three colored 
plates. The Société is to be congratulated on undertaking so worthwhile a project, 
on raising the funds to carry it out, and on the production of the two monumental 
volumes. 


BOOKS RECEIVED 
FRANK G. LESURE 


U. S. Geological Survey—Washington, D. C., 1954 

Prof. Paper 260-A. Geology of Bikini and Nearby Atolls. Part 1, Geology. 
K. O. Emery, J. I. Tracy, Jr., and H. S. Lapp. Pp. 265; pls. 84; figs. 84; tbls. 27. 
Contains complete, detailed description of geology of reefs, islands, lagoons and 
outer slopes of Bikini, Enivetok, Rougelap, Rongerik atolls; study of neighboring 
guyots; geologic history of area. Well illustrated with many maps, charts, 
photographs and tables. Heavy cardboard map case contains both text and plates. 
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Prof. Paper 260-B, C, D. Bikini and Nearby Atolls. Part 2, Oceanography 
(Physical). Pp. 265-291; pls. 6; figs. 15; tbls. 4. Price 75 cts. Three parts 
include: Circulation Systems of Bikini and Rongelap Lagoons, by W. S. von Arx; 
Adjustment of Bikini Atoll to Ocean Waves, by W. H. Munk and M. C. Sargent; 
Sea Temperature in the Marshall Islands Area, by M. K. Robinson. 


Prof. Paper 260-H. Recent Foraminifera of the Marshall Islands. Bikini 
and Nearby Atolls. Part 2, Oceanography (Biologic). J. A. CusHmMan, RutH 
Topp, and R. J. Post. Pp. 384; pls. 12; figs. 3; tlbs. 5. Price $1.75. 


Prof. Paper 260-J, K, L. Bikini and Nearby Atolls. Part 3, Geophysics. Pp. 
487-535; figs. 42; tbl. 1. Price 45 cts. Three parts include: Seismic Studies of 
Bikini Atoll, by M. B. Dobrin and B. Perkins, Jr.; Seismic Refraction Studies of 
Bikini and Kwajalein Atolls, by R. W. Raitt; Magnetic Structure of Bikini Atoll, 
by L. R. Alldredge, Fred Keller, Jr. and W. J. Dichtel. 


Prof. Paper 260-M, N,O. P. Bikini and Nearby Atolls. Part 4, Paleontology. 
Pp. 537-617; pls. 37; figs. 3; tbls. 3. Price $2.50. Includes: Fossil Calcareous 
Algae from Bikini Atoll, by J. Harlan Johnson; Smaller Foraminifera from Bikini 
Drill Holes, by R. M. Todd and Rita Post; Larger Foraminifera and Smaller Diag- 
nostic Foraminifera from Bikini Drill Holes, by W. S. Cole; Fossil Corals from 
Bikini Drill Holes, by J. W. Wells. 


Prof. Paper 264-D. An Appraisal of the Great Basin Middle Cambrian Trilo- 
bites Described before 1900. A. R. Parmer. Pp. 55-86; pls. 5; fig. 1. Price 
$1.00. 


Prof. Paper 266. Late Paleozoic Stratigraphy of Central Cochise County, 
Arizona. James Gittuty, J. R. Cooper, and J. S. Witttams. Pp. 49; pl. 1; 
figs. 4. Price 45 cts. 

Prof. Paper 272-A. The Effect of Salinity on Evaporation. G. E. HArseck, 
Je. Pp. 6; figs.2; tol. 1. (Price 15. cts. 

Bull. 996-D. Hawaiian Volcanoes During 1951. G. A. MacDonatp and C. A. 
WeEnNtTWorTH. Pp. 141-216; figs. 18; tbls. 12. 

Bull. 1012-C, D. Fluorspar Deposits in Western Kentucky. Part 2. Pp. 39- 
79; pls. 5; figs. 6. Price 70 cts. Contains: Central part of the Commodore fault 
system, Crittenden County, by R. D. Trace; Mineral Ridge area, Livingston and 
Crittenden Counties, by Robert D. Trace. 

Bull. 1012-E, F. Fluorspar Deposits in Western Kentucky. Part 3. Pp. 8l- 
130; pls. 9; figs. 2. Includes: Moore Hill faults system, Crittenden and Livingston 
Counties, by W. R. Thurston and G. C. Hardin, Jr.; Senator-Schwenck area, Tabb 
fault system, Caldwell County, by H. J. Klepser. 

Bull. 1013. Index of Generic Names of Fossil Plants, 1820-1950. Henry N. 
ANDREWS, Jr. Pp. 262. Price 65 cts. 

Bull. 1019-B. Bibliography of U. S. Geological Survey Trace Elements and 


Related Reports to June 1, 1954. J. H. Watrace and H. B. Smirn. Pp. 144. 
Price 30 cts. 


Bull. 1021-A. Hafnium Content and Hafnium-Zirconium Ratio in Minerals 


and Rocks. Micuaer Fieiscner. Pp. 13; tbls. 9. Price 15 cts. Compilation 
of published determinations. 

Water-Sup. Pap. 1258. Ground Water Resources of the Middle Loup Di- 
vision of the Lower Platte River Basin, Nebraska. Dertsert W. Brown. Pp. 
85; pls. 2; figs. 13; tbls. 10. Price $1.00. 
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Water-Sup. Pap. 1260-A. Floods of September 1952 in the Colorado and 
Guadelupe River Basins, Central Texas. S. D. Breepinc and J. H. Mont- 
GOMERY. Pp. 47; pl. 1; figs. 10; tbls. 2. Price 45 cts. 


Water-Sup. Pap. 1262. Chemical Characteristics of Delaware River Water, 
Trenton, New Jersey, to Marcus Hook, Pennsylvania. C. N. Durror and W. 
B. Ketcuton. Pp. 173; pl. 1; figs. 20; tbls. 18. Price 70 cts. 

Water-Sup. Pap. 1264. Quality of Surface Waters for Irrigation Western 
United States 1951. Prepared under direction of S. K. Love. Pp. 153; pls. 2. 
Price $1.00. 

Water-Sup. Pap. 1294. Ground-Water Conditions in Southwestern Langlade 
County, Wisconsin. A. H. Harper and W. J. Drescuer. Pp. 39; pl. 1; figs. 12; 
thls. 9. Price 40 cts. 

Water-Sup. Pap. 1296. Geology and Ground-Water Resources of the Baton 
Rouge Area, Louisiana. R. R. Meyer and A. N. Turcan, Jr. Pp. 138; pls. 3; 
figs. 40; tbls. 6. Price $1.00. 

Cumulative Index to the First Fifteen Semiannual Reports to Congress. U. S. 
Atomic Energy Commission. Pp. 118. U.S. Government Printing Office, Wash- 
ington, D. C., 1954. 

Manpower Resources in the Earth Sciences. National Science Foundation and 
U. S. Department of Labor, Bureau of Labor Statistics. Pp. 75; figs. 5; tbls. 58. 
Price 45 cts. Covers geologists, geophysicists and meteorologists giving data on 
age, education, employment and income in 1951. 

Colorado Mining Laws with Rules and Regulations. W. E. Scort, Jr. Pp. 
246. Bull. 16. Bureau of Mines, Denver, 1954. Contains statutes as revised in 
1953. 

Illinois Geological Survey, Urbana, 1954 

Rept. 176. Use of the Refraction Seismic Method for Differentiating Pleisto- 
cene Deposits in the Arcola and Tuscola Quadrangles, Illinois. Rosert Jonn- 
son. Pp. 59; pls. 2; figs. 24; thls. 3. Study of use of refraction seismic method 
for mapping contact between drift sheets and subdividing drift. 

Circ. 192. Water Wells for Farm Supply in Central and Eastern Illinois. 
J. W. Foster and L. F. Serxrecc. Pp. 8. 

Circ. 193. Summary of Water Flood Operations in Illinois Oil Pools during 
1953. P. A. WitHeErspoon, E. G. Jackson, et al. Pp. 27; figs. 5; tbls. 3. 

The Geology of the Norton Oil Field, Norton County, Kansas. D. F. Mer- 
RIAM and E. D. Gorspet. Pp. 125-152; pls. 2; figs. 4; tbl. 1. 

Bull. 109, Part 9. Kansas Geol. Sur., Lawrence, 1954. J/ncludes stratigraphy 
and structure of area. 

Guide Book, Seventeenth Regional Field Conference, the Kansas Geological 
Society, Southeastern and South-Central Missouri. G. A. MuILenspurG and 
T. R. Bevertpce. Pp. 63; figs. 26; tbls. 3. Rept. 17. Missouri Div. of Geol. Sur. 
and Water Resources, Rolla, 1954. Road log for stratigraphic field trip in Mis- 
souri—includes mileage, description of stops, stratigraphic sections. 

Water Resources of Ross County, Ohio. J. J. Scumipt. Pp. 26; pls. 10; tbls. 
6. Cire. 4. Ohio Dept. of Natural Resources, Div. of Water, Columbus, 1954. 


Virginia Div. of Geology, Charlottesville, 1954 
Mineral Resources Circ. 1. Iron in Virginia. E. O. Goocn. Pp. 17; pls. 12. 


First of series of circulars to supply summary of geologic information on specific 
mineral or group of minerals. 
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Mineral Resources Circ. 2. Summary of Geology and Ground-Water Re- 
sources of the Eastern Shore Peninsula, Virginia—A Preliminary Report. 
ALLEN Sinnott and G. C. Trspitts, Jr. Pp. 18. 


National Advisory Committee on Research in the Geological Sciences—Fourth 
Annual Report, 1953-54. Pp. 117. Geol. Sur. of Canada, Ottawa, 1954. 


Geology of the California Lake Area, Oxford Lake Mining Division, Northern 
Manitoba. M.D. Moornouse and J. H. SHEPHERD. Pp. 22. Pub. 53-3. Mani- 
toba Dept. of Mines and Natural Resources, Winnipeg, 1954. 


Radioactive Mineral Occurrences in the Vicinity of Hawk and Richard Lakes. 
J. Satrerty. Pp. 6; figs. 2. Geol. Cire. 1. Ontario Dept. of Mines, Toronto, 
1955. 

Extractive Industry in Algeria. G. Bétier. Pp. 20. Encyclopedie Mensuelle 
d’Outre-mer, Paris, 1952. Price 200 fr. Brief discussion of development of min- 
eral industry, including iron, phosphate, lead, zinc, antimony, petroleum and coal, 
since 1930. 

Bulletin Scientifique et Economique du B. R. M. A. Pp. 66; figs. 17. No. 1. 
3ureau de Recherches Minieres de L’Algerie, Alger, 1955. This first number of 
the Bulletin which will appear 2 or 3 times a year contains the following interesting 
papers: Avant-Propos, by G. Bétier; L’utilisation de la géochimie pour la prospec- 
tion miniére, by B. R. M. A.; Note sur la calcination du carbonate de fer filonien 
provenant de la concession de Béni-Aquil, by W. Aubé ; Tectonique et minéralisation 
de la région de Bougie, by L. Duplan; Etude structurale de la mine de Bou Kiama, 
by L. Duplan. 

Travaux des Colaboraturs, 1953. Pp. 75-270. Bull. 1, Fascicule II. Service de 
la Carte Géologique de L’Algérie, Alger, 1954. Contains 6 papers on stratigraphy 
and paleontology, one on the microscopic study of minerals from the mines of Rhar 


Rouban, Boukdema and Cavallo, and a bibliography on geologic literature in Algeria 
from 1951 to 1954. 


The Australian Mineral Industry. Pp. 18. Vol. 7. No. 2. Bureau of Min- 
eral Resources, Nov., 1954. Price 3/-. 
Australia Department of National Development, 1954. Bull. 23. Coral 


Faunas from the Silurian of New South Wales and the Devonian of Western 
Australia. Dorotuy Hitt. Pp. 51; pls. 4. 


Rept. 9. The Mineral Deposits and Mining Industry of Papua-New Guinea. 
P. B. Nye and N. H. Fiswer. Pp. 36; pl. 1; tbls. 2. 


Stratigraphy and Structure of the Northern Territory of Australia. P. S. 
HossFetp. Pp. 103-161; pls. 4; figs. 6. Pub. No. 238. Univ. of Adelaide, 1954. 
Includes Precambrian, Paleozoic, Mesozoic and Cenozoic stratigraphy and structure. 


A Foreign Geologist Looks at Brazil’s Mineral Future. W. D. Jonnston, JR. 
Pp. 87-11; figs. 6. Instituto Brasileiro de Geografia e Estatistica, Rio de Janeiro, 
1954. 

French Bibliographical Digest, Science, Geology, 2. Pp. 102. No. 2, Series 2. 
The Cultural Division of the French Embassy, New York, 1954. A very useful 
guide to French geologic literature; provides list of publishing agencies, French 
periodicals, scientific societies. Bibliography covers periodicals, text books, and 
monographs and where possible includes short abstract of publication. Free of 
charge upon request. 
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Instituto de Giacimenti Minerari e di Geologia Applicata Dell’Universita di 
Roma, Rome, 1954. 

Pub. No. 0043. Ricerche e studi sui fenomeni esalativo-idrotermali ed il prob- 
lema delle “forze endogene.” Francesco Penta. Pp. 94. Summary of investi- 
gations on use of underground natural water vapor and steam for industrial use. 
Problems examined include: productive borehole capacities, borehole incrustations, 
gas content and chemical characteristics of the steam. 

Pub. No. 0059. Prospetto delle ricerche per “forze endogene,” in varie regioni 
del mondo durante lultimo trentennio. Mercurino Sappa. Pp. 12. Outline of 
methods and results of investigation in last 30 years of exploitation of natural under- 
ground steam for industrial purposes. 

Wall Rock Alteration of the Kosaka Mine, Akita Prefecture, Japan. S. Iwao, 
F. Kisni1moto and K. TaKAHAsuI. Pp. 34; pls. 4; figs. 20. Rept. 162. Geol. 
Sur. of Japan, Hisamoto-ch6é, Kawasaki-shi, 1954. Alteration believed to indicate 
limited PT environment; zonal arrangement of altered rocks interpreted as func- 
tion of increasing pH of ascending solution. 

Rapports et Bilans de l’exercice 1953. Pp. 146; pls. 5. Comité Spécial du 
Katanga, Bruxelles, 1954. Annual report. 

Les Mastodontes Miocénes du Portugal. F. M. Bercounroux, GEoRGES 
ZBYSZEWSKI and L. F. Crouzer. Pp. 139; pls. 60. Memoire No. 1. Mémoires 
des Services Géologiques du Portugal, Lisbonne, 1953. Monographic study with 
many excellent plates. 


Publicag6es do Museu E Laboratério Mineralégico e Geolédgicoe do Centro 
de Estudos Geolégicos da Universidade de Coimbra, 1954. 

No. 36. Memédrias e Noticias. Pp. 61; pls. 10. Detailed description of occur- 
rence, minerals and formation of cassiterite and tantalite-columbite pegmatites of 
Cabracéa, Arga Mountain, Portugal. 

No. 37. Memorias e Noticias. Pp. 67. Includes: J. C. de Morais, Some ob- 
servations of the terrestrial magnetism in the Azores, p. 1-19, pl. 1; G. S. de 
Corvalho, Gandora (Portugal) and the Landes of Gascony, p. 20-35; pls. 4; G. S. 
de Carvalho, Contribution to the study of Micro-paleontology of the Pliocene de- 
posits in Portugal, p. 36-60, pls. 4; G. S. de Carvalho, Heavy minerals and paleo- 
geography of the Pliocene deposits in Portugal, p. 61-67. 

Tanganyika Geol. Sur. Dept., Dar es Salaam, 1954. 

Bull. No. 21. Geology of the Ketewaka-Mchuchuma Coalfield, Njombe Dis- 
trict. A.C. M. McKintay. Pp. 46; pls. 5. Price Shs. 12/-. 

Bull. No. 25. The Geology of the Galula Coalfield, Mbeya District. J. 
Spence. Pp. 34. Price Shs. 8/-. 

Geological Map of East Africa. Prepared on behalf of the Inter-Territorial 
Geological Conference, 1952. Dept. of Lands and Surveys, Dar es Salaam, 1954. 
Colored geologic map, scale 1: 2,000,000; 26”x 36”. Prepared by Geol. Survey 
Department, Dodoma, Tanganyika. 

Records of the Geological Survey of Tanganyika, Volume I, 1951. Pp. 80; 
pls. 9. Govt. Printer, Dar es Salaam, 1954. Price Shs. 7/50. Contains 18 short 
papers of general interest. 











SCIENTIFIC NOTES AND NEWS 


Puitie E. LAMoreEAvx, district geologist at Tuscaloosa, Ala., left Washington 
recently on a three-month assignment to assist the Thailand government in plan- 
ning a program of ground-water investigation, and will initiate studies directed 
toward the collection of basic geologic and hydrologic information necessary for 
the development of vital water resources for the country. Mr. LaMoreaux has 
been district geologist in charge of the ground-water program in Alabama since 
1946, and in 1953 he was on assignment to Egypt making a similar water-resources 
study. 

Joun C. Frye, chief of the Illinois State Geological Survey, received an hon- 
orary Doctor of Science degree, Feb. 14, from Marietta College at a Founders’ Day 
program celebrating the school’s 120th anniversary. Mr. Frye was appointed chief 
of the Illinois survey in 1954 after directing the Kansas State Geological Survey 
from 1945-54. He also worked with the U. S. Geological Survey from 1938-42. 

Puitie J. SHENON, consulting geologist of the firm of Shenon and Full, of Salt 
Lake City, recently gave a series of six lectures on mine valuation and examination 
to the geologists at Stanford University. 

All mail pertaining to the Office of the Secretary of the Society of Economic 
Geologists should be sent to Olaf N. Rove, 30 East 42nd Street, New York 17, 
New York. 

D. W. BisHopp will soon be leaving England to take an appointment as Geolo- 
gist with the Anglo-American Corporation of South Africa. 

CLaupE W. Matruews, formerly Chairman of the Department of Geology, 
University of Alaska, has joined the teaching staff of the University of Texas as 
instructor in Geology. 

Witrrep F. Roux, Jr., was appointed Instructor in Geology at the University 
of Texas beginning February 1, 1955. 

RicHarp W. Rusu, Assistant Professor of Geology, The University of Texas, 
spoke on “Uranium Prospecting” before the Corpus Christi Geological Society, 
February 11, 1955, and before the Lake Charles Geological Society on March 15, 
1955. Dr. Rush was formerly chief geologist of the Plateau Exploration Company, 
Cortez, Colorado, before joining the University of Texas in 1953. 

T. S. CAMPBELL, of the staff of the Consolidated Mining and Smelting Company 
of Canada, Limited, has been transferred from Pine Point, N.W.T., to the Com- 
pany’s property in Thailand. 

ANNAN Cook has been since July 1 district geologist in charge of the south- 
western U. S. for Bear Creek. His headquarters are in the Hobart Bldg., San 
Francisco. Mr. Cook was formerly district geologist, Eastern District, Bear 
Creek Mining Co. 

Grover C, MIL.er, geologist, Tennessee Coal and Iron Div., U. S. Steel, retired 
after 40 years of service on Oct. 1, 1954. His successor is DoNALD CARNES whose 
office is in Fairfield, Ala. 

SPENCER S. SHANNON has been made head of the newly organized Office of 
Minerals Mobilization, set up in the Department of the Interior under Frtrx 
Wormser, Assistant Secretary for Minerals Industry. 

Rosert Bak was killed in an airplane accident in New Mexico in February. 
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The joint meeting of the Society of Economic Geologists and the Geological 
Society of America will be held in New Orleans, Louisiana, November 7-9. In 
order to be considered for presenting papers at this meeting, authors must submit 
abstracts by July 15, 1955, on forms provided by the Secretaries of the Societies, 
Dr. Olaf N. Rove, 30 East 42nd Street, New York 17, N. Y. (S. E. G.) and Dr. 
Henry R. Aldrich, 419 West 117th Street, New York 27, N. Y. (G. S. A.). Such 
abstracts may not exceed 250 words in length. Papers and abstracts on all phases 
of economic geology are invited. 


ENDEAVOR Pr1zE EssAys—As a contribution to the meeting of the British Asso- 
ciation for the Advancement of Science to be held in Bristol on Aug. 31-Sept. 7, 
1955, the publishers of the quarterly scientific review ENDEAVOUR have offered the 
sum of 100 guineas to be awarded as prizes for essays submitted on a scientific 
subject. The competition is restricted to those whose 25th birthday falls on or 
after June 1, 1955. The essays must be in English and typewritten, and should not 
exceed 4,000 words in length. They should be addressed to: The Assistant Secre- 
tary, British Association for the Advancement of Science, Burlington House, Pic- 
cadilly, London, W. I. The latest date for receipt of entries is June 1, 1955. 

Mauro L. GonzA_es, senior geologist of the geological survey division, Philip- 
pine Bureau of Mines, is engaged in a one-year Foa-Hitcusa traineeship in the 
United States. His special field of study during the year will be geology of non- 
ferrous minerals and laboratory investigations. 

ALAN Prosert has resigned as assistant director of the United States Bureau 
of Mines, Foreign Minerals Region, to accept a position as vice president and 
general manager of the Compania Minera de Guatemala, S. A. The Central 
American firm is a producer of lead, zinc, and silver ores and concentrates. Mr. 
Probert’s new headquarters will be in Guatemala City, Guatemala. 

Tue Wyominc GeoLocicaL Association will hold its Tenth Annual Field 
Conference July 29, 30, and 31, 1955, with Rock Springs, Wyoming, as headquar- 
ters. There will be daily trips into the Green River Basin. Registration is at 
noon, July 28. The first trip will be into the Manila area southwest of Rock 
Springs to see a fairly complete stratigraphic section. The second trip will be 
through the Middle and South Baxter Basin gas fields and the Hiawatha gas field. 
The final day will consist of a half-day trip north of Rock Springs over the north 
plunge of the Rock Springs Uplift. 


Committee members in charge of all arrangements are: co-chairmen, Rodney 
Camp of Wind River Oil and Roy Heisey of Chicago Corporation; guidebook 
editor, George Anderman of Gulf Oil; co-editors, Warren Skeeters of Mountain 
Fuel Supply and Bob Berg of California Company; advertising, .Bob Jones of 
Schlumberger Well Surv. Corp.; reservations and accommodations, A. E. Miller 
of El Paso Natural Gas Company ; and registration, Ed McAuslan of Union Pacific 
RR Oil Dev. Co. 











